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Abstract
Submarine slides can generate tsunami waves that cause significant damage and loss of life.
Numerical modelling of submarine slide generated waves is complex and computationally
challenging, but is useful to understand the nature of the waves that are generated, and
identify the important factors in determining wave characteristics which in turn are used
in risk assessments.
In this work, the open-source, finite-element, unstructured mesh fluid dynamics frame-
work Fluidity is used to simulate submarine slide tsunami using a number of different
numerical approaches. First, three alternative approaches for simulating submarine slide
acceleration, deformation and wave generation with full coupling between the slide and
water in two dimensions are compared. Each approach is verified against benchmarks from
experimental and other numerical studies, at different scales, for deformable submarine
slides. There is good agreement to both laboratory results and other numerical models,
both with a fixed mesh and a dynamically adaptive mesh, tracking important features of
the slide geometry as the simulation progresses.
Second, Fluidity is also used in a single-layer Bousinesq approximation in conjunction with
a prescribed velocity boundary condition to model the propagation of slide tsunami in two
and three dimensions. A new, efficient approach for submarine slide tsunami that accounts
for slide dynamics and deformation is developed by imposing slide dynamics, derived from
multi-material simulations. Two submarine slides are simulated in the Atlantic Ocean,
and these generate waves up to 10 m high at the coast of the British Isles.
Results indicate the largest waves are generated in the direction of slide motion. The lowest
waves are generated perpendicular to the slide motion. The slide velocity and acceleration
are the most important factors in determining wave height. Slides that deform generate
higher waves than rigid slides, although this effect is of secondary importance for generated
wave amplitudes.
3

Copyright Declaration
The copyright of this thesis rests with the author and is made available under a Cre-
ative Commons Attribution Non-Commercial No Derivatives licence. Researchers
are free to copy, distribute or transmit the thesis on the condition that they at-
tribute it, that they do not use it for commercial purposes and that they do not
alter, transform or build upon it. For any reuse or redistribution, researchers must
make clear to others the licence terms of this work.
5
Declaration
I hereby certify that the work presented in this dissertation is the result of my own
research during the PhD project. Text and results obtained from other sources are
referenced and properly acknowledged.
Rebecca Claire Smith
August 2016
6
Acknowledgements
Firstly, I would like to thank my supervisors Gareth Collins, Matthew Piggott and Jon Hill
for their considerable help, advice, guidance and constant encouragement in all aspects of
this PhD over the past few years.
I would also like to thank several members of my research group, the Applied Modelling and
Computation Group (AMCG): Simon Mouradian for creating meshes for three-dimensional
simulations, and providing scripts for processing results and creating figures for the three-
dimensional simulations; Stephan Kramer for help in several aspects of this work involving
development of Fluidity, e.g. the implementation of mesh adaptivity and mesh movement;
Tim Greaves for help with all things Fluidity and Linux related; Dave Robinson for advice
and help on many topics; Cian Wilson and Sam Parkinson for their help setting up the
initial multi-material and sediment model simulations respectively; and Amin Abolghesemi
and Alexandros Adam for their company and advice.
The LaTeX template for this thesis was created by Frank Mithaler. I am also grateful to
Chandra Taposeea for providing assistance with GMT for creating map figures.
Outside of work, I would like to thank firstly my parents, brother Thomas and my late
Grandma for their support; the Hatchers: Alison, Neil, Celeste and Benjamin, for provid-
ing fun weekend escapes from London; Chandra and Cat for their unconditional support
throughout; ‘Dot’ for always believing in me; Alex for his support during the early years
of this PhD; Sammy and Jenny whose flat became my second home; my MGGS friends:
Rachel, Danielle, Alison and Sarah; Emily and little Reuben; my team mates at Imperial
College Tennis Club over the years: Tanya, Jana, Clem, Ellen, Kiran, Pauline, Hannah,
Bronwen, Olivia and Siree, and Liz for regularly accompanying me to the gym whilst I
was writing this thesis; and finally Mark Reid for his help with my injuries and whose
strength training sessions have had a huge positive influence on my life.
7

Table of Contents
1 Introduction 19
1.1 Hazard from tsunami generated by submarine mass movements . . . 19
1.2 History of submarine slide tsunami in the Nordic Seas . . . . . . . . . 21
1.3 Thesis outline with novel contributions . . . . . . . . . . . . . . . . . 24
2 Background 27
2.1 Triggers and causes of submarine slides . . . . . . . . . . . . . . . . . 27
2.2 Tsunami wave generation . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3 Wave dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3 Modelling of tsunami generation by submarine slides using multiple
materials and mesh adaptivity 45
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.1 SEDFS: Sediment, Water and Free Surface . . . . . . . . . . . 47
3.2.2 Free surface mesh movement . . . . . . . . . . . . . . . . . . . 48
3.2.3 MM2FS: slide, water and free surface and MM3: slide, water
and air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
9
Table of Contents
3.2.4 Discretisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2.5 Mesh Adaptivity . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2.6 Metric advection . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2.7 Vertically aligned adaptivity . . . . . . . . . . . . . . . . . . . 53
3.3 Laboratory scale test case: Assier-Rzadkiewicz et al. (1997) . . . . . . 54
3.3.1 Problem set-up . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3.2 Fixed mesh results . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3.3 Adaptive mesh results . . . . . . . . . . . . . . . . . . . . . . 60
3.4 Large scale test case: Gulf of Mexico, Horrillo et al. (2013) . . . . . . 65
3.4.1 Problem set-up . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.4.2 Fixed mesh results . . . . . . . . . . . . . . . . . . . . . . . . 66
3.4.3 Adaptive mesh results . . . . . . . . . . . . . . . . . . . . . . 67
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4 An efficient approach to model deformable submarine slide-tsunami
in two and three dimensions 75
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.2 Methods: SM - Single material and prescribed velocity boundary
condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.3 Comparison of SM-RS to analytical solution for constant water depth
and slide velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.4 SM-DS-SV approach: Single material, deformable slide, simulated
velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.5 Test case for the SM-DS-SV approach in two dimensions: Gulf of
Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.5.1 Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.5.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 85
10
Table of Contents
4.6 Comparison of waves generated by the SM-RS-EV, SM-RS-SV and
SM-DS-SV approaches in two dimensions . . . . . . . . . . . . . . . . 88
4.6.1 SM-RS-EV approach: Single material, rigid slide, estimated
velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.6.2 SM-RS-SV approach: Single material, rigid slide, simulated
velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 91
4.7 Three-dimensional Test case: Gulf of Mexico . . . . . . . . . . . . . . 94
4.7.1 Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.7.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 99
4.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5 Submarine slide-tsunami in the regional seas of the British Isles:
The importance of slide dynamics, deformation and direction 107
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.1.1 Tsunami Hazard to the UK and Irish Coasts . . . . . . . . . . 108
5.1.2 Slide localities . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.1.3 Estimated slide dimensions in three dimensions . . . . . . . . 114
5.2 Two dimensional simulations for Atlantic Ocean scenarios . . . . . . . 117
5.2.1 Set-up for MM2FS simulations . . . . . . . . . . . . . . . . . . 117
5.2.2 Results: MM2FS and SM-DS-SV . . . . . . . . . . . . . . . . 119
5.2.3 Comparison of waves generated by SM-DS-SV against MM2FS
in two dimensions . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.3 Three dimensional simulations for Atlantic Ocean scenarios: SM-RS-
EV, SM–RS-SV-COM and SM-DS-SV approaches . . . . . . . . . . . 127
5.3.1 Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.3.2.1 Wave generation and propagation . . . . . . . . . . . 131
11
Table of Contents
5.3.2.2 Wave amplitudes at coastlines . . . . . . . . . . . . . 143
5.3.2.3 Comparison of model approaches . . . . . . . . . . . 150
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
5.4.1 Hazard to the British Isles . . . . . . . . . . . . . . . . . . . . 154
5.4.2 Effect of slide direction . . . . . . . . . . . . . . . . . . . . . . 156
5.4.3 Effect of slide velocity and acceleration: SM-RS-SV vs SM-
RS-EV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
5.4.4 Effect of slide deformation . . . . . . . . . . . . . . . . . . . . 158
5.4.4.1 Two dimensions . . . . . . . . . . . . . . . . . . . . 158
5.4.4.2 Three dimensions . . . . . . . . . . . . . . . . . . . . 159
5.4.5 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
6 Conclusions 163
6.1 Summary of conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 163
6.2 Recommendations for choice of model approach . . . . . . . . . . . . 171
6.3 Hazard to the British Isles . . . . . . . . . . . . . . . . . . . . . . . . 172
Bibliography 175
12
List of Figures
1.1 Map showing location of Storegga Slide . . . . . . . . . . . . . . . . . 22
2.1 Example resulting waveforms showing dispersive wave train . . . . . . 38
3.1 Geometry and initial condition for laboratory scale simulations . . . . 55
3.2 Density plots for lab scale test case . . . . . . . . . . . . . . . . . . . 57
3.3 Resulting waves for lab scale test case, comparison to experiements
and numerical models . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.4 Density plots with close-ups showing complex wave interactions, in-
cluding wave breaking and back-fill in MM3 simulation . . . . . . . . 61
3.5 Maximum water surface elevations at 0.4 seconds and 0.8 seconds for
MM3 simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.6 Adaptive mesh at 0.8 seconds in simulation a6 . . . . . . . . . . . . . 64
3.7 Geometry and initial condition for Gulf of Mexico test case . . . . . . 66
3.8 Density plots for large scale test case . . . . . . . . . . . . . . . . . . 68
3.9 Resulting wave forms for large scale test case, comparison to experi-
mental and numerical results . . . . . . . . . . . . . . . . . . . . . . . 69
3.10 Maximum water surface elevations at 3 mins and 7 mins for MM3
simulations, fixed mesh and adaptive mesh results . . . . . . . . . . . 71
3.11 Close up section of adapted mesh at 7 minutes for MM3 simulation h1. 72
13
List of Figures
4.1 SM-RS vs. analytical solution of Tinti and Bortolucci (2000a) . . . . 79
4.2 Change in thickness and position of a two-dimensional submarine
slide in the Gulf of Mexico computed using the MM2FS approach. . . 82
4.3 Slide thickness and wave height for two-dimensional submarine slide
in Gulf of Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.4 Wave heights recorded at wave gauges 100 km from the left of the
domain for Gulf of Mexico submarine slides for the MM2FS and SM-
DS-SV approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.5 Comparison in wave heights recorded at numerical wave gauge situ-
ated 100 km from the left of the domain between the MM2FS ap-
proach and the SM-DS-SV approach . . . . . . . . . . . . . . . . . . 87
4.6 Initial slide thickness for submarine slide in Gulf of Mexico . . . . . . 89
4.7 Displacement, velocity and acceleration profiles for submarine slide
in Gulf of Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.8 Comparison of the MM2FS approach with the SM-RS-EV, SM-RS-
SV and SM-DS-SV approaches . . . . . . . . . . . . . . . . . . . . . . 93
4.9 Comparison of velocity profiles used in SM-DS-SV, SM-RS-SV and
SM-RS-EV approaches . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.10 Map of Gulf of Mexico, including location of slide and direction of
slide motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.11 Three-dimensional slide shape in the Gulf of Mexico scenario . . . . . 97
4.12 Mesh for Gulf of Mexico simulations . . . . . . . . . . . . . . . . . . 98
4.13 Results for three-dimensional Gulf of Mexico scenario at 7 mins . . . 100
4.14 Wave heights for Gulf of Mexico scenario after 10 mins . . . . . . . . 101
5.1 Map of slides on the NW European continental margin . . . . . . . . 110
5.2 Map of British Isles with locations of Rockall Bank and Peach Slides 113
5.3 Shape of rigid slide used in SM-RS-EV-3D . . . . . . . . . . . . . . . 115
5.4 Relationship between slide length, volume and slide width . . . . . . 116
14
List of Figures
5.5 Sections of Rockall Bank and Peach Slide Meshes . . . . . . . . . . . 118
5.6 Displacement, velocity and acceleration profiles for Rockall Bank and
Peach Slides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.7 Change in thickness and position of a two-dimensional submarine
slide at Rockall Bank . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.8 Change in thickness and position of a two-dimensional submarine
slide at Peach Slide . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.9 Slide thickness and wave height for two-dimensional submarine slide
at Rockall Bank . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.10 Slide thickness and wave height for two-dimensional submarine slide
at Peach Slide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.11 Plot of fluid velocity through time in the Rockall Bank scenario . . . 126
5.12 Rockall Bank slide scenario with 100%, 80% and 71% of the slide
material and resulting wave amplitudes . . . . . . . . . . . . . . . . . 128
5.13 Wave heights recorded at a wave gauge for Rockall Bank and Peach
comparing the MM2FS and SM-DS-SV approaches . . . . . . . . . . 129
5.14 Velocity profiles for Rockall Bank and Peach Slides . . . . . . . . . . 130
5.15 Mesh for Rockall Bank three dimensional simulations . . . . . . . . . 132
5.16 Mesh for Peach Slide three dimensional simulations . . . . . . . . . . 133
5.17 Maximum Water Elevation in first 4 hours and 15 mins after slide
initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.18 Wave height SM-RS-EV vs. SM-DS-SV for Rockall Bank, 10–30 mins 136
5.19 Wave height SM-RS-EV vs. SM-DS-SV for Rockall Bank, 40–80 mins 137
5.20 Wave height SM-RS-EV vs. SM-DS-SV for Rockall Bank, 100–140
mins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.21 Wave height SM-RS-EV vs. SM-DS-SV for Peach Slide, 10–30 mins . 139
5.22 Wave height SM-RS-EV vs. SM-DS-SV for Peach Slide, 40–80 mins . 140
5.23 Wave height SM-RS-EV vs. SM-DS-SV for Peach Slide, 100–140 mins 141
15
List of Figures
5.24 Wave gauges for Rockall Bank scenario comparing waves generated
by SM-RS-EV, SM-RS-SV and SM-DS-SV approaches . . . . . . . . . 142
5.25 Wave gauges for Peach Slide scenario comparing waves generated by
SM-RS-EV, SM-RS-SV and SM-DS-SV approaches . . . . . . . . . . 144
5.26 Wave gauges comparing Rockall Bank and Peach Slide scenarios for
SM-DS-SV approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
5.27 Sections of coastline for maximum free surface plots and locations of
numerical wave gauges arranged in loci of radius 100 km, 200 km,
300km and 400 km . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
5.28 Maximum water elevation recorded along the NW coastlines of the
British Isles for Rockall Bank scenario . . . . . . . . . . . . . . . . . 147
5.29 Maximum water elevation recorded along the NW coastlines of the
British Isles for Peach Slide scenario . . . . . . . . . . . . . . . . . . 148
5.30 Maximum water elevation recorded along the NW coastlines of the
British Isles for Rockall Bank and Peach Slide scenarios . . . . . . . . 149
5.31 Maximum water elevation (m) for SM-RS-EV simulations of the Rock-
all Bank and Peach slides with simulations of the Storegga slide from
Mouradian et al. (2016) . . . . . . . . . . . . . . . . . . . . . . . . . 151
5.32 Maximum and minimum wave heights at radially located wave gauges 152
16
List of Tables
2.1 Summary of effects of slide properties on wave characteristics from
experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.2 Summary of previous laboratory experiments . . . . . . . . . . . . . . 43
3.1 Parameters for lab scale adaptive simulations. . . . . . . . . . . . . . 62
3.2 Parameters for large scale adaptive simulations . . . . . . . . . . . . . 70
4.1 Parameters for three-dimensional SM-RS-EV simulation . . . . . . . 96
5.1 Simulations of the Storegga Slide . . . . . . . . . . . . . . . . . . . . 111
5.2 Parameters for three dimensional SM-RS-EV simulations . . . . . . . 129
17

Chapter
ONE
Introduction
1.1 Hazard from tsunami generated by submarine
mass movements
Tsunami are gravity water waves that can be triggered by a sudden perturbation
of the sea floor, such as a submarine earthquake or submarine slide (Trifunac and
Todorovska, 2002). Between 2004–2015 there were 250,000 fatalities due to tsunami
(Desai et al., 2015). At the world’s coastlines property, critical infrastructure and a
high concentration of population are highly exposed to tsunami hazard, with about
40% of the worlds population living within 100 kilometres of the coast (United
Nations, 2006). Large seismically generated tsunami events in the past ten years,
for example the 2004 Indian Ocean, and the 2011 Tohoku events, have highlighted
the devastating social and economic effects that tsunami can have. Although these
recent tsunami were seismogenic in origin, submarine mass movements can also
generate highly destructive tsunami waves (Assier-Radkiewicz et al., 2000; Fine
et al., 2005; Masson et al., 2006; Dan et al., 2007; Tappin et al., 2008; Tappin, 2010;
Bondevik et al., 2005a). Examples of destructive tsunami generated by submarine
mass movements in human history include: Grand Banks, Newfoundland, 1929;
Unimak, Alaska, 1946; Nice Airport, France, 1979; Skagway, Alaska, 1994; Papua
New Guinea, 1998 (Fine et al., 2005; Assier-Radkiewicz et al., 2000; Watts et al.,
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2003; Heinrich et al., 2001). They are also common in Norwegian fjords (Harbitz
et al., 1993). In 1998, the Papua New Guinea submarine mass failure resulted in
a tsunami that devastated coastal villages and killed over 2,100 people (Kawata
et al., 1999; Synolakis et al., 2002). Historically submarine mass movements have
been identified because they destroyed telephone cables (e.g. Grand Banks, 1929;
Fine et al., 2005), or caused river delta collapse (e.g. Mississippi Fan; Prior and
Coleman, 1982), or initiated tsunami (Masson et al., 2006). The submarine mass
movements themselves also pose a hazard to seabed infrastructure which they can
destroy (Masson et al., 2006). The significance of tsunami generated by submarine
slides has become widely recognised over the past twenty-five years, however the
range of submarine mass movements that can occur means there are still many
unknowns about the characteristics of the generated tsunami waves (Masson et al.,
2006).
Submarine mass movements incorporate many types of submarine high density flow,
which include: slides, slumps, debris flows, mud flows and granular flows. They are
all primarily driven by gravity (Harbitz et al., 2006). Submarine mass movements are
frequently termed submarine slides, even when the mode of deformation is unknown.
Here submarine slide is used as a generic term, without reference to the mechanism
of movement. When referring to the submarine slide in the models and experiments
described here, the word submarine is dropped for brevity, and ‘slide’ used instead.
The area of the sea floor affected by a slide is usually much smaller than the area of
sea floor displaced by an earthquake. As a result, the wavelength of slide generated
tsunami is often shorter than for an earthquake generated tsunami, on the order
of 1–10 km (Lynett and Liu, 2002). Consequently shallow water theory is not
always applicable, as the wavelengths are no longer long enough compared to the
water depth, and therefore the spreading of energy through wave dispersion must
be considered (Løvholt et al., 2015). Evidence suggests that many submarine slide
tsunami exhibit very high runups close to the location of the slide, but runups decay
more quickly with distance from the source compared to typical earthquake-tsunami
(Masson et al., 2006). This suggests submarine slide tsunami might have limited
effects at greater distances from the source region. In general, these submarine
slides occur on the continental slope, and their displacements may exceed several
tens to hundreds of kilometres (Grilli and Watts, 2001). This means there is the
potential for large amplitude tsunami to be produced, and the close proximity of
the continental slope to the shore means that there can be little warning for coastal
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populations (Grilli and Watts, 2001). The scale of the slide, its location type and
dynamics will all determine the hazard that the slide poses (Masson et al., 2006).
Submarine slides may pose serious tsunami hazard to coastlines worldwide, including
those previously regarded as immune from seismogenic tsunami; the UK is a good
example of this as it lies on a passive continental margin (Ward, 2001; Long, 2015).
Numerical modelling helps inform risk assessment by determining potential wave
characteristics and coastal run-up patterns. The risk assessments aim to reduce
future fatalities and socio-economic losses. These can be utilised for mitigation
strategies (Masson et al., 2006).
1.2 History of submarine slide tsunami in the Nordic
Seas
Geological evidence in the Shetland Islands indicates flooding due to three separate
tsunami events in the past 8000 years (Bondevik et al., 2005b). One of these was
the large Storegga Slide, a submarine slide that occurred offshore Norway approxi-
mately 8.2 ka (Bugge et al., 1988; Dawson et al., 1988; Smith et al., 2004; Bondevik
et al., 2005a; Wagner et al., 2007). The submarine slide covered an area larger than
Scotland (Figure 1.1). The slide volume is estimated at 2400–3200 km3 and its
deposit extended 800 km down slope, greater than the length of mainland Britain
(Bugge et al., 1988; Gauer et al., 2005; Haflidason et al., 2004, 2005; Masson et al.,
2006). The scar morphology suggests retrogressive slope failure, which is where the
slide is triggered in the initial toe area and then the headwall retreats up slope, as
subsequent slide blocks fail continuously, cutting into the shelf edge (Løvholt et al.,
2005; Bondevik et al., 2005a; Gauer et al., 2005; Kvalstad et al., 2005). The slide
velocity is estimated at 25–30 ms−1 (De Blasio et al., 2005). Deposits from the
resulting tsunami indicate vertical run ups (maximum inundation above sea level of
a wave incident to a beach; Charvet et al. (2013)) of approximately 3–4 m on the
Scottish mainland coast (Hill et al., 2014) and over 20 m on the Shetlands Islands
and Norwegian coast (Bondevik et al., 2005a,b; Dawson et al., 1988; Smith et al.,
2004; Wagner et al., 2007).
The Storegga Slide can be linked to the presence of specific weak geological hori-
zons/layers (Laberg et al., 2003; Kvalstad et al., 2005). Climate change between
glacial and interglacial periods causes variation in sedimentation, which in turn af-
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Figure 1.1: Location of Storegga Slide scar (including distal turbidites) in relation
to the UK (Bondevik et al., 2003).
fects the distribution of these weak layers. Future climate change in the Arctic has
the potential to increase the risk posed by submarine slide tsunami as ice melting
and crustal rebound are likely to create larger and more frequent earthquakes in
the future, which could trigger submarine slides (Sultan et al., 2004). Furthermore,
some gas hydrates still exist in marine sediments north of the Storegga Slide scar and
it has been proposed that especially rapid warming of the Arctic Ocean, resulting
from climate change, could lead to the dissociation of these hydrates, causing slope
instability and increase the likelihood of slope failure (Sultan et al., 2004; Kerridge
and Richardson, 2005).
Storegga is one of a series of large submarine slides that have occurred off-shore
mid-Norway since the end of the Pliocene (Bryn et al., 2003; Solheim et al., 2005).
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There is some debate over the recurrence interval, however, the most recent studies
suggest six very large slides occurred in the last 20 ka, which indicates a recurrence
interval of 3-4 ka for the area (Talling, 2013). Other slides on the Norwegian and UK
margins may have also initiated tsunami, depending on the size, depth, speed and
acceleration of slide blocks. Research shows that there have been many more sub-
marine slides in this area of the Nordic Seas throughout geological history (Laberg
et al., 2002a,b). The UK faces few other natural hazards on this scale.
In addition to the Storegga Slide, several other slides have been discovered along
the Norwegian Margin (Figure 5.1). The Trænadjupet and Andøya slides have also
been dated to the Holocene (Romundset and Bondevik, 2011). However, so far
no deposits have been found to indicate the occurrence of a resulting tsunami. It
has been suggested that these slides may have been too small or too slow to have
generated widespread tsunami (Romundset and Bondevik, 2011). The Storegga
Slide was comparable in size, and generated a devastating tsunami, the lack of
evidence for a tsunami generated by the Trænadjupet and Andøya slides suggests
they might have involved different failure dynamics and/or occurred in multiple
stages (Allin et al., 2016).
There is also geological evidence on the Shetland Islands for smaller tsunami events
approximately 5.5 ka and 1.5 ka. The first event has been estimated to have a
tsunami run up height of 10 m and the other than to have originated in the North
Sea, the source of the event is unknown (Bondevik et al., 2005b; Long, 2015). No
source has been identified for the tsunami event at 1.5 ka, however a submarine
slide off the eastern coast of Shetland has been suggested as a likely source (Dawson
et al., 2006).
Historical slide generated tsunami have highlighted the risk this hazard poses to
human populations. The UK has been affected by such a tsunami in the past, and
climate change in the Arctic may increase the risk of a further tsunami in the future.
A tsunamigenic submarine slide in the Nordic Seas poses one of the most substantial
hazards to the UK. Despite this, their threat has not been fully investigated and
is poorly understood. The potential socio-economic effects of a submarine slide
generated tsunami on the UK will be dependent on the characteristics of the waves
that may be generated. This will be dependent on properties of the slide, amongst
other things. However, it is unclear how the slide properties affect the resulting
wave and what the dynamics and rheology of the slide might be.
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1.3 Thesis outline with novel contributions
A broad aim of this work is to advance understanding of the hazard of tsunami
generated by submarine slides. Studies of submarine slide tsunami often break the
process down into four parts, the dynamics of the submarine slide, the wave gener-
ation, the wave propagation and the tsunami wave inundation/run-up at coastlines.
In this thesis, numerical modelling is used to simulate the first three stages. The
numerical model Fluidity is used throughout this thesis, in several different set-
ups. Fluidity is an open source, general purpose, computational fluid dynamics,
framework (Piggott et al., 2008; AMCG, 2014), developed by a team of researchers,
primarily in the Applied Modelling and Computation Group at Imperial College
London. The flexible finite-element/control-volume discretisation approach, allows
for the numerical solution of several equation sets (Piggott et al., 2008).
For large-scale slides, numerical modelling can be complex and computationally
challenging owing to the large slide dimensions and long run-out distances. Fur-
thermore, within the large computational domains required, many aspects must be
modelled at high resolution such as the slide motion and the coastlines. This thesis
introduces and investigates techniques for reducing the computational expense of
numerical modelling of submarine slide tsunami.
Firstly an adaptive meshing technique is applied to model the generation of waves by
submarine slide tsunami. Dynamically adaptive meshes change topology and resolu-
tion based on the current simulation state and as such can focus or reduce resolution
when and where it is required. The application of mesh adaptivity is described, and
several adaptivity options are varied and investigated. Adaptive meshes can help to
reduce the computational expense without losing accuracy (Hill et al., 2012). The
reduction in computational expense by using adaptive or multiscale meshes may
allow for the simulation of ‘Storegga-sized’ slides, and generated waves, in three
dimensions, as has not previously been possible. Mesh adaptivity allowed the num-
ber of mesh elements to be reduced by an order of magnitude, without seeing any
significant loss in accuracy.
To reduce the computational expense more significantly, a new, computationally
efficient approach for modelling submarine slide tsunami that accounts for slide
dynamics and deformation in three dimensions is introduced in this thesis. This ap-
proach is similar to that used by Fine et al. (2005), but novel in that the full Navier-
Stokes equations are used instead of the shallow water approximation. Chapter 4
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describes the method of extracting information describing the movement and change
in shape of the slide through time, in order to drive a simulation of the resulting
wave generation and propagation.
Another novel contribution of this work is the use of several different numerical
approaches to model submarine slide tsunami, within the same framework. This has
allowed for comparison of approaches without the complication of separate models.
These three-dimensional modelling techniques are then applied to advance under-
standing of the hazard to the British Isles of submarine slide tsunami, by considering
two hypothetical scenarios in the Atlantic Ocean. Numerical wave gauges around
the UK and Irish coasts measured wave amplitudes just offshore of 1–10 m, indicat-
ing that submarine slides on either side of the Rockall trough pose a threat to the
coastlines of the British Isles.
Many previous numerical studies have approximated slides as rigid blocks with pre-
scribed motion. However, several studies have shown that submarine slide acceler-
ation and velocity are key parameters in determining resulting wave characteristics
(Harbitz, 1992; Harbitz et al., 2014; Løvholt et al., 2015). Many previous models
have relied on analytically derived estimates for the slide velocity and acceleration,
because simulating the slide dynamically, including its interaction with the water,
internal deformation and drag, adds substantial computational expense. However,
to avoid estimating the slide dynamics, a simulation is required to explicitly model
the water and slide, and the interaction between the two. Previous work has rec-
ommended that more accurate representation of slide dynamics is needed in order
to obtain an accurate tsunami waveform. In this work, modelling techniques that
account for dynamics and deformation of slide material have been compared to more
traditional methods where slide dynamics are estimated and a fixed slide shape is
assumed. The slide is modelled as a fluid which attempts to replicate the complex
slide rheology. The resultant waves from both rigid and dynamic, deforming slides
were compared, in two and three dimensions.
The deformation of slide material has been found to increase the amplitude of gener-
ated waves, in agreement with Grilli and Watts (2005). This result appears to con-
trast with several previous studies which found the waves produced by deformable
slides either had a negligible effect on the wave when compared to waves produced
by a rigid slide, or produced waves of a lower amplitude Løvholt et al. (2015); Watts
(1997); Ataie-Ashtiani and Najafi-Jilani (2008); Kirby et al. (2016). However, the
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majority of these studies consider submarine slides at laboratory scale, higher slope
angles (15–60◦) and slides that are smaller, have a higher thickness to length ra-
tio and different slide rheologies (e.g granular and confined granular) (Watts, 1997;
Ataie-Ashtiani and Najafi-Jilani, 2008). Although the example in Kirby et al. (2016)
is full scale and three dimensional, the scenario considered two separate, but simul-
taneous slides, whose combined effects generate the wave, and therefore it is not
appropriate to compare the results with the single slide scenarios considered in this
work. This work concludes that the choice of modelling technique will depend on the
desired level of accuracy and the computational resources available. To obtain more
accurate wave amplitudes, greater time and computational expense are necessary.
Previous studies suggest that the orientation of a submarine slide with respect to a
coastline is more important than the orientation of a fault for determining the wave
amplitudes of submarine slide tsunami and earthquake tsunami respectively. Here
this is investigated further by considering two slide scenarios involving submarine
mass failures in opposing directions, allowing the effect of direction to be considered.
It is found the largest waves are generated in the direction of slide motion, followed
by the opposite direction to slide motion. The lowest amplitude waves are generated
perpendicular to the slide motion. Therefore, the tsunami hazard a submarine slide
will pose will depends on the direction of the slide with respect to the coastline of
interest. These findings are in agreement with Iwasaki (1997); Tappin et al. (2008);
Grilli et al. (2014).
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This chapter describes the triggers for submarine mass movements, the wave gener-
ation process and the factors that influence the characteristics of resultant waves.
2.1 Triggers and causes of submarine slides
Large submarine mass movements can occur on slope angles as low as 1◦ (Hu¨hner-
bach and Masson, 2004). Terrestrial landslides are stable at these gradients and the
reasons for the instability in submarine cases are explored here.
Many large historical submarine slides have coincided with earthquakes, e.g. the
Grand Banks event in 1929 (Tappin et al., 2001; Fryer et al., 2004; Fine et al.,
2005). Submarine slides can also be triggered by underwater volcanic eruptions
of lava, water or gas, storm waves, or may have no apparent cause (Trifunac and
Todorovska, 2002; Kerridge and Richardson, 2005). A potential key factor in longer
term causes of slope instability is changes in excess pore pressure (fluid pressure
in the pore space of a rock that is above hydrostatic pressure) within the sediment
(Talling et al., 2014). The pore pressure helps to support the weight of the overlying
sediment (Masson et al., 2006). A rise in pore pressure can lead to lowering of
the vertical stress, undermining the shear strength in the sediments and therefore
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decreasing frictional resistance to sliding and the stability of a slope (Masson et al.,
2006; Talling et al., 2014).
Gas hydrates are only stable at high pressures and low temperatures (Paull et al.,
1991). Therefore disturbance of the pressure-temperature (P-T) regime, includ-
ing changes in excess pore pressure (associated with depositional processesand the
warming of bottom water in the ocean increasing the depth at which gas hydrates are
stable) can cause gas (methane) dissociation (Paull et al., 1991, 1996; Masson et al.,
2006). This release and expansion of gas leads to increases in pore pressure which
can contribute to weakened slopes (Paull et al., 1996; Sultan et al., 2004; Mienert
et al., 2005; Talling et al., 2014). However, headwalls of large submarine slides are
often situated at greater depths than the stable P-T regime for gas hydrates, so this
is an unlikely cause. Furthermore, at the present time there is insufficient evidence
to strongly link submarine slide events to climate induced changes in sea level or
atmospheric methane levels (Mienert et al., 2005; Urlaub et al., 2013; Talling et al.,
2014).
Rapid sedimentation (e.g. the deposition of sediment at an offshore river delta or
glacial stream), generates high excess pore pressures, and therefore potential slope
failure, because the fluid cannot flow and dissipate quickly enough, particularly in
impermeable sediments (Urlaub et al., 2013; Talling et al., 2014). Rapid changes in
the weight of the overlying sea water, e.g. rapid sea level rise or fall, have been sug-
gested as potential triggers for slope failure (Maslin et al., 2004; Smith et al., 2013).
However, changes in the weight of overlying water only affects the hydrostatic pres-
sure, which itself does not contribute to slope failure (Talling et al., 2014). Transient
excess pore pressures are only generated by a combination of exceptionally rapid sea
level rise and very low permeability sediment (Smith et al., 2013). Further suggested
contributors to failure include: weak horizons (similar slide and source morphology
suggests failures along distinct places of low strength properties), over-steepening
due to salt doming and gravitational loading and instability, e.g. increased levels
of seismicity are assumed to have occurred during de-glaciation in response to the
reduced loading by ice (Kerridge and Richardson, 2005; Talling et al., 2014). Sudden
changes in pore pressure can also be triggered by earthquakes (Masson et al., 2006).
Human activities could also trigger submarine slides (Masson et al., 2006). It is not
fully established how seabed exploration for oil and gas for example might contribute
to failures and slides on continental slopes. In the Nordic Seas the Ormen Lange gas
field is currently being utilised and is situated near the ancient Storegga Slide. Before
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its development, detailed mapping of the Storegga Slide took place (Haflidason et al.,
2005).
Submarine slides and tsunami are rare on human timescales and it is not possible to
predict their occurrence, which makes them difficult to predict, monitor or directly
observe, therefore research has focused on experimental studies and numerical model
(Masson et al., 2006; Harbitz et al., 2014). Therefore, experiments and numerical
modelling are important for understanding the submarine slides themselves and pre-
dicting the characteristics of the generated tsunami. A number of numerical studies
of past and hypothetical tsunamigenic submarine slide events have also been under-
taken. In principle, these allow for the replication of events at realistic scale, but
should be validated against field observations where possible, and at the laboratory
scale against experimental data. Laboratory experiments are useful to approximate
natural conditions with typical materials, however numerical modelling is the only
way to simulate events at real scale and with complete and complex geometry and
bathymetry (Bornhold and Thomson, 2012). A disadvantage of numerical models
is the need to make simplified assumptions about the slide rheology, since the real
slide rheology is complex and not well defined.
Experiments, in both pseudo-two and three dimensions, have used a number of
methods to represent the submarine slide, such as rigid blocks (Heinrich, 1992;
Watts, 1998, 2000; Watts et al., 2000; Enet et al., 2003; Grilli and Watts, 2005;
Enet and Grilli, 2005; Liu et al., 2005; Sue et al., 2006; Enet and Grilli, 2007; Sue
et al., 2011; Whittaker et al., 2012) made of different materials (to alter slide den-
sity) and with different slide shapes (e.g. triangular/wedge, elliptical, Gaussian);
granular materials (Assier-Rzadkiewicz et al., 1997; Watts and Grilli, 2003; Ilstad
et al., 2004b,a; Ataie-Ashtiani and Najafi-Jilani, 2008); and confined granular ma-
terials (Ataie-Ashtiani and Najafi-Jilani, 2008). These experiments investigated the
effects of various slide parameters (block shape, density, grain size, confinement,
submergence, slope angle) on the resulting wave characteristics (amplitude, run up,
wave form, dispersion, wave period, wave energy conversion). Some studies using
deformable slides have investigated the effect of different grain sizes (e.g. 50 µm –
9 mm were considered by Watts and Grilli (2003); Assier-Rzadkiewicz et al. (1997);
Ataie-Ashtiani and Najafi-Jilani (2008)). There have been few studies that have
directly investigated the effect of deformable slide rheology on wave generation, al-
though Watts and Grilli (2003); Elverhøi et al. (2005, 2010) and Breien et al. (2010)
considered the effect of rheology on slide deformation and dynamics. For further
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information on previous experimental work on submarine slides and parameters
used for experiments, see Table 2.2. Unless stated otherwise, all these experiments
involved the slides being released, with no initial push, moving under gravity alone.
2.2 Tsunami wave generation
For earthquake-tsunami, a simple initial sea surface displacement can be used in
models because the velocity of the ocean floor uplift is often an order of magnitude
faster than the wave propagation (Trifunac and Todorovska, 2002). However, the
duration of a submarine slide can be at least several minutes longer than that of
an earthquake. This prolonged perturbation to the sea floor will affect the char-
acteristics of the generated wave and therefore the coupling dynamics between the
submarine slide and the surface waves must be considered (Lynett and Liu, 2002;
Bornhold and Thomson, 2012).
Tsunami wave generation by submarine mass movements is a complex process that
incorporates slide motion, energy transfer resulting in water motion, and the cou-
pling between the two. There are different types of failure mechanism but all involve
the displacement of material through slide initiation, gradual mass mobilisation and
dynamics (Løvholt et al., 2015).
As the slide travels downslope it pushes/displaces water, imparting a forward and
upward force. The ploughing motion of the front face of the solid block generates
a positive amplitude wave propagating in the direction of slide motion (Sue et al.,
2011). Behind the slide, the space opened up by the displacement of the slide is
infilled with water, which causes a drawdown in the surface water level and this
negative amplitude wave propagates in the opposite direction to the slide motion.
Descriptions of experiments show the initial formation of a wave crest, then a trough
with amplitude 1–3 times the first crest amplitude, followed by a crest with similar
magnitude to the trough, and finally a wave train with decreasing amplitude and
increasing period (Wiegel, 1955; Ataie-Ashtiani and Najafi-Jilani, 2008).
The submarine slide generates the waves and, at the same time, the pressure field
established by the waves influences the dynamics of the slide (Jiang and LeBlond,
1992; Harbitz et al., 2006). Wave energy is an important feature of water wave
generation and propagation (Watts, 2000). The transmission of slide energy to
wave energy causes a wave resistance to the slide motion (Harbitz et al., 2006). The
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wave energy can be used as a measure of near field surface amplitude and can be
related to the ratio of slide length to submergence depth (Watts, 2000).
Experimental estimates for energy transfer from slide potential energy to wave field
potential energy range from 1–7% (Wiegel, 1955; Watts, 2000; Sue et al., 2011).
However, in a review, Harbitz et al. (2006) comment that calculations of the Storegga
slide (described by Bondevik et al. (2005a); Løvholt et al. (2006)) suggest only 0.1%
of the potential energy of the slide was transferred to wave energy. The remaining
potential energy is lost to friction between the slide and the sea bed, and in hy-
drodynamic drag (Ruff, 2003). Percentage wave energy conversion increases with
decreasing submergence, decreasing water depth and and for rigid slides over de-
formable slides (Wiegel, 1955; Watts, 2000; Ataie-Ashtiani and Najafi-Jilani, 2008;
Sue et al., 2011). Decreasing slope angle also increases percentage wave energy con-
version because the more gradual the incline, the longer the slide remains at a shallow
depth, where it has a greater influence on the generated wave (Ataie-Ashtiani and
Najafi-Jilani, 2008).
Most of the wave generation takes places within the early phase of the slide mo-
tion, with high acceleration at shallow depths (Løvholt et al., 2015) before the slide
moves into deeper water and is no longer significantly influencing the water surface.
Therefore the initial stages of side motion are most important for tsunami genera-
tion (Tinti et al., 2001). The Froude number is the ratio of the speed of the slide,
u, to the speed of propagation of the wave, c, (Tinti and Bortolucci, 2000b; Masson
et al., 2006):
Fr = u/c. (2.1a)
The Froude number is sub-critical if Fr <1, critical when Fr = 1 and super–critical
when Fr >1. For most submarine slides the Froude number is considerably less
than one and therefore clearly sub–critical. This is because the wave resistance
prevents the slide from obtaining high velocities and therefore the wave velocity is
faster than the slide velocity (Tinti et al., 2001; Harbitz et al., 2006). Typical values
for Fr for submarine slides are between 0.2–0.6 (Heinrich et al., 2001). This results
in the generated tsunami wave ‘pulling away’ from the slide that is generating the
wave. The wave amplitude only increases as long as the slide is ‘feeding the wave’
and therefore the amplitude growth of the wave is restricted. For strongly sub–
critical slides, i.e. Fr <<1, the maximum tsunami amplitude generally correlates
with the product of slide volume and acceleration (Løvholt et al., 2005) and in
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these circumstances there is a linear relation between Fr and the maximum surface
elevation (Ward, 2001; Løvholt et al., 2005). The elevated water volume correlates
with product of slide volume and the Froude number (Harbitz et al., 2006).
The shallower the depth of a slide, the closer the Froude number becomes to critical,
because the wave speed will be lower. The more critical the Froude number, the
higher waves produced because there is a longer period of time when the wave is
being influenced by the submarine slide. Consequently there is a strong relation-
ship between the submergence depth of the slide and the resultant wave amplitude
(Ataie-Ashtiani and Najafi-Jilani, 2008). Grilli and Watts (2005); Enet and Grilli
(2005) and Enet and Grilli (2007) found that tsunami surface amplitude is inversely
proportional to the power 1.25 of the submergence depth of a rigid block, i.e.
amplitude ∝ (submergence depth)−1.25.
Furthermore, particularly shallow slides on the continental slope are likely to be
nearer to the coast, and therefore the waves have a shorter distance to travel before
reaching land. The shorter the distance the wave travels, the less amplitudes will
be affected by radial spreading.
If the slide speed is equal to the wave speed (Fr = 1, critical) this results in ampli-
fication of the wave, as the slide is continually contributing to the build up of the
wave (Ward, 2001). However, a critical Fr number is unrealistic for most submarine
slide scenarios, and this resonance is physically impossible (Bornhold and Thomson,
2012). Studies of the Grand Banks slide estimate the speed of the slide as 16–28
ms−1, and the resulting tsunami was the most catastrophic tsunami in Canadian
history (Fine et al., 2005). The slide speed is inferred from the recorded timings
that underwater cables were broken. Studies of the Storegga Slide suggest a max-
imum speed of <60 ms−1, and Storegga was a very large submarine slide, which
suggests smaller slides will exhibit smaller maximum speeds than this. Critical and
super–critical slides are only applicable for subaerial slides with high slide velocities.
The most important feature of submarine slides that determines their tsunamigenic
potential is the slide’s volume; if the slide volume is negligible there is no tsunami
produced and larger volume slides produce larger waves (Murty, 2003; Ward, 2001;
Kirby et al., 2016). However, given a specific slide volume there are many other
factors that will affect the size and characteristics of a submarine slide-generated
tsunami which include:
32
2.2: Tsunami wave generation
• slide velocity
• slide acceleration
• submergence depth (depth of water above submarine slide)
• slope angle
• total distance slide moves
• duration of slide motion
• density of slide material
• coherent nature of the slide
• slide length
• slide thickness
• grain size and spectrum of sizes
• orientation relative to where the resulting wave is being recorded
The wave dependence on these other slide parameters is less clear. There have been
many analytical, experimental and numerical studies to try and establish the impor-
tance of submarine slide parameters such as deformation, geometry and kinematics
for tsunami wave generation. Harbitz et al. (2006) summarise that the character-
isitcs of tsunami generated by submarine slides depend primarily on: slide volume,
submergence depth, initial acceleration (Løvholt et al., 2005; Haugen et al., 2005;
Grilli and Watts, 2005; Grilli et al., 2014) and maximum velocity (Ward, 2001; Tinti
et al., 2001).
Many studies have found the initial acceleration and maximum velocity of the slide
to have a strong influence on the amplitude of the generated waves (e.g. Berndt
et al. (2009); Harbitz et al. (2014); Løvholt et al. (2015) and Ataie-Ashtiani and
Najafi-Jilani (2008)). The initial acceleration has been found to be particularly im-
portant (Løvholt et al., 2015). The slide’s terminal velocity and initial submergence
have been found to have a secondary effect on wave amplitude (Enet and Grilli,
2007; Sue et al., 2011). The acceleration and maximum velocity of a slide are de-
termined by several other factors, including slide density, submergence depth and
slope angle. Increasing slide density increases the relative mass of the slide, and
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therefore increases the density difference (compared to the density of the water).
This leads to an increase in the gravitational force on the block, and an increase
in initial acceleration (Watts, 1998; Watts et al., 2000). Increasing slope angle will
also increase the velocity of the slide; Watts (2000) suggested this was indicative of
a complex relationship between slide extension (increased length) and tsunami am-
plitude. The maximum wave elevation correlates with the product of slide volume
and initial acceleration divided by wave speed squared (Løvholt et al., 2005).
Maximum wave amplitude is directly proportional to the initial acceleration of the
slide (Sue et al., 2011; Løvholt et al., 2015) and therefore higher initial accelera-
tions lead to higher wave amplitudes (Wiegel, 1955; Watts, 1998; Watts et al., 2000;
Watts, 2000; Haugen et al., 2005; Harbitz et al., 2006; Sue et al., 2011). Several
studies have found that the initial acceleration of the slide was the most important
influence on the motion of the slide’s centre of mass during the tsunami generation
and therefore is the most important determinant of resulting tsunami wave charac-
teristics including wave amplitude (Watts et al., 2005; Enet and Grilli, 2007; Sue
et al., 2011; Løvholt et al., 2015).
High slide deceleration also leads to high water surface elevations (Sue et al., 2006;
Harbitz et al., 2006; Koo and Kim, 2008; Løvholt et al., 2015) because a sudden
change in motion of the slide acts like an impact force and increases the free surface
height. Rapid deceleration can increase the amplitude of the backward propagating
wave, often directed towards the coast, which is an important consideration for the
coastlines (Harbitz et al., 2006). A longer slide run out is associated with less rapid
deceleration and therefore a longer run out results in reduced surface elevations in
the direction of the coast (Harbitz et al., 2006).
Slide velocity is also found to be an important factor, with faster slides producing
higher waves (Wiegel, 1955; Ward, 2001; Ataie-Ashtiani and Najafi-Jilani, 2008).
For example, Harbitz (1992) considered a range of slide velocity profiles to account
for uncertainties in slide density, rheology and drag. In the simulations, resulting
wave heights were found to be strongly dependent on the acceleration of the slide
and the maximum slide velocity.
Slide geometry also influences tsunami wave amplitude. Løvholt et al. (2005) showed
that for a constant slide volume, the generated wave volume is insensitive to changes
in slide length, width or thickness. However, the wavelength and amplitude are
affected (Haugen et al., 2005; Harbitz et al., 2006). Some studies show that for
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slides of uniform lateral thickness, thicker slides lead to higher wave amplitudes
than thinner slides, and that the upper bound for maximum tsunami height is the
thickness of the slide (Ward, 2001; Grilli and Watts, 2005). The length of the slide
controls when deconstructive superposition of waves occurs between the front and
rear waves and therefore a longer slide gives a wave with higher maximum surface
elevation (Haugen et al., 2005). The slide thickness has a stronger effect on the
maximum surface elevation than slide length and shape (Ataie-Ashtiani and Najafi-
Jilani, 2008) and the slide thickness is affected if the slide deforms.
Slide deformation is also found to have an effect on tsunami wave amplitude. How-
ever, there is less agreement about the effect of deformation on the generated wave.
Slide deformation may both increase initial acceleration and increase or decrease
submarine slide thickness, which may have competing effects on wave generation
(Watts, 1997; Watts and Grilli, 2003; Ataie-Ashtiani and Najafi-Jilani, 2008).
Submarine slide rheology is complex and time-varying and affects both slide dynam-
ics and deformation. The majority of studies ignore the role of rheology and assume
a slide of fixed shape with a prescribed acceleration and deceleration. This thesis
considers the effect of changes in slide shape and estimates the velocity and acceler-
ation of the slide, assuming a simple fluid-like rheology. This is more sophisticated
than much previous work, but is still a simplification. Many previous numerical
models of submarine slides approximated the slides as rigid-blocks, that moved ac-
cording to prescribed motion (e.g. Heinrich (1992); Harbitz (1992); Fuhrman and
Madsen (2009); Bondevik et al. (2005b); Berndt et al. (2009); Yuk et al. (2006) and
Liu et al. (2005)). Some numerical studies have modelled deformable submarine
slides. A number of approaches have been taken to achieve this, such as modelling
the slide as a Newtonian, viscous fluid (Jiang and LeBlond, 1992; Fine et al., 2005;
Assier-Rzadkiewicz et al., 1997; Assier-Radkiewicz et al., 2000; Abadie et al., 2010;
Horrillo et al., 2013), as a non-Newtonian fluid, e.g. using a Bingham rheology where
deformation is dependent on stress, (Jiang and LeBlond, 1993; Gauer et al., 2006;
Assier-Rzadkiewicz et al., 1997; Skvortsov and Bornhold, 2007), and as a water-
sediment mixture (Ma et al., 2013). However, even these approaches simplify the
multilayer structure of submarine slides, which are, in reality expected to consist
of a dilute turbidity current overlaying a dense debris flow (Glimsdal et al., 2013).
The entrainment of water into the flow will also cause turbulence and vortices which
cannot be represented in depth-averaged models (Glimsdal et al., 2013). The shape
and dynamics of the slide may also be significantly influenced by viscous drag.
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Some studies have found the slides that deform produce lower wave amplitudes
than rigid slides of the same volume, e.g. experiments by by Watts (1997) and
Ataie-Ashtiani and Najafi-Jilani (2008). Watts (1997) found waves generated by de-
formable slides produced wave amplitudes that were 50–90% of the wave amplitudes
produced by rigid slides. Ataie-Ashtiani and Najafi-Jilani (2008) found a 15–25%
reduction in wave amplitude, and an increase in wave period by up to 15%, although
they also note that in the near field the wave features were not strongly different to
that of rigid slides. A recent numerical study by Kirby et al. (2016) found maximum
generated wave heights were generally consistent between the rigid and deformable
slide models. However, there was a reduction in drawdown at several locations at-
tributed to the initial slide deformation including both up- and down-slope failures.
Furthermore, the simulated scenario involved the failure of two separate, but simul-
taneous, slides, resulting in a more complex interaction of waves. Løvholt et al.
(2015) found that deformation was often too slow to influence wave generation, as
most of the generation occurs during the initial acceleration phase, before the slide
has time to deform. However, they acknowledge deformation may prove important
for tsunami wave heights in scenarios that were not considered.
On the other hand, some studies have found slide deformation leads to increased
wave heights. Grilli and Watts (2005) and Løvholt et al. (2015) found that an
extreme rate of deformation was able to increase wave amplitudes in comparison
to waves generated by rigid slides. Furthermore, Ataie-Ashtiani and Najafi-Jilani
(2008) and Grilli and Watts (2005) found far-field tsunami features were more af-
fected by deformation than near-field tsunami features. Strong dependence on sub-
marine slide geometry suggests that dynamic representation of the slide is impera-
tive, as deformation will cause persistent changes in slide height, length and overall
shape. The simulations by Abadie et al. (2010) also indicated that deformable
slides produce higher wave amplitudes than rigid blocks slides. For subaerial slides,
Morichon and Abadie (2010) report that slide deformation seems to be a “critical
parameter” for the generated waves and run-up. Yavari-Ramshe and Ataie-Ashtiani
(2015) found that considering proper rheological behaviour resulted in a wave am-
plitudes that were 30% closer to experimental measurements and concluded that
modelling deformation is important to forecast topographical changes of the seabed
(Yavari-Ramshe and Ataie-Ashtiani, 2015).
Furthermore, in reality submarine slides deform (Grilli and Watts, 2005), with com-
plex rheology and flow (Løvholt et al., 2015). Simulating the slide dynamically,
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including its interaction with the water, internal deformation and drag, ensures a
more accurate description of slide acceleration and velocity, but adds substantial
complexity and computational expense. Grilli and Watts (2005); Kirby et al. (2016)
and Løvholt et al. (2015) recommended more detailed investigation and further re-
search including consideration of slide thickness, length deformation and density.
In three dimensions, the width of the slide can have an important effect on the
tsunami amplitude (Watts et al., 2005). However, as the failure width becomes much
larger than the tsunami wavelength, the tsunami amplitude becomes unaffected
by transverse spreading of the slide (Watts et al., 2005). The reduction in wave
amplitude between waves in two and three dimensions is found to be due to the
three-dimensional spreading of the wave rather than transverse spreading of the
slide (which acts to slow the slide velocity) (Jiang and LeBlond, 1994; Watts et al.,
2005).
Tsunami run-up is the wave characteristic that is most important when considering
the hazards of the waves to society. Grilli and Watts (2005); Watts et al. (2005)
found that there is a direct correlation between wave amplitude and coastal run-up,
making one a direct estimate of the other. Studies show that run-up from tsunami
is also dependent on the wave length/period of the tsunami wave and wave energy
(Charvet et al., 2013).
Slide retrogression (the gradual/stepwise release of the mass progressively upslope
from the bottom) has been found to reduce tsunami wave amplitude as the mass
is released gradually rather than in one go. However, retrogression might increase
the amplitude of the landward propagating wave for ‘unfavourable lag times’ be-
tween the release of slide blocks (Harbitz et al., 2006). Generated wave amplitudes
decrease with increasing number of blocks and increasing lag times between block
releases (Haugen et al., 2005; Masson et al., 2006; Harbitz et al., 2006). Short lag
times may lead to both shorter wave components and longer total wavelength from
superposition (Harbitz et al., 2006). Løvholt et al. (2005) found retrogressive effects
only moderately affected the surface elevation, and found for time lags of less than
ten seconds the maximum surface elevation is up to 1.3 times higher. For time lags
greater than 12 seconds the maximum surface elevation is reduced gradually with
increasing timelag, and at a time lag of 60 seconds the maximum surface elevation
is 20% of the maximum surface elevation for the non-retrogressive case.
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2.3 Wave dispersion
Frequency dispersion is the spreading, or “dispersing” of wave energy in the direction
of propagation of a wave due to the dependence of the wave speed on wavelength-
/frequency (Glimsdal et al., 2013). Many studies have documented the generation of
dispersive waves, made up of crests and troughs of increasing distance and the am-
plitudes of these waves diminished as they propagated (Wiegel, 1955; Watts, 2000;
Sue et al., 2006; Enet and Grilli, 2007; Ataie-Ashtiani and Najafi-Jilani, 2008; Sue
et al., 2011). The continual generation of shorter wavelength waves off the trailing
edge of the wave packets are visible, which move progressively slower the further
back in the wave train (Sue et al., 2006, 2011). An example of the wave dispersion
seen by Sue et al. (2011) is shown in Figure 2.1.
Figure 2.1: Example water surface profiles from Sue et al. (2011) at dimensionless
time 8.84 (with respect to the slide acceleration time) after slide initiation. η
is the dimensionless water free surface (with respect to slide length) and x/L
the dimensionless position. The dispersive wave train at the tailing edge of the
wave packets is visible.
Dispersion reduces the amplitude of the leading wave (in the near field) (Glimsdal
et al., 2013; Yavari-Ramshe and Ataie-Ashtiani, 2015). Dispersion is often con-
sidered negligible for seismic-tsunami waves, since these long waves tend to follow
shallow water theory (Glimsdal et al., 2013). However, submarine slide generated
waves have the potential to have much shorter wavelengths than seismically gener-
ated tsunami, and consequently shallow water theory is not always applicable and
dispersion must be considered (Lynett et al., 2003; Harbitz et al., 2006; Masson
et al., 2006; Horsburgh et al., 2008). Under the shallow water approximation, the
water wave phase velocity depends on the water depth, there is no dependence on
the wavelength and these waves are non–dispersive. However, for deep water waves,
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the phase velocity of the wave is dependent on the wave number/frequency/length,
and waves with longer wavelengths travel faster. Therefore deep water waves are
dispersive.
The wavelength of the generated wave is dependent on the length of the slide and
its run-out distance, therefore most submarine-slide tsunami are strongly affected
by dispersive effects, particularly relatively small slides (Lynett et al., 2003; Grilli
and Watts, 2005; Harbitz et al., 2006; Løvholt et al., 2008; Glimsdal et al., 2013).
Dispersion is important for rapidly accelerating or decelerating slides as these pro-
duce a large content of short-wavelength waves (Løvholt et al., 2005). Dispersion is
less important for large sub-critical slides with smooth velocities profiles such as the
Storegga Slide, because the large wavelength components (due to the length of the
slide) dominate (Løvholt et al., 2005; Harbitz et al., 2006; Glimsdal et al., 2013).
Wave period has been found to increase with increasing block length and decreas-
ing incline angle, independent of water depth, submergence, weight and duration of
movement (Wiegel, 1955). The prominence of dispersion will depend on the water
depth and duration of the wave generation (which in turn can depend on many other
factors, such as bathymetry). Deformation of the slide increases the wavelength of
the waves produced and reduces dispersive effects (Grilli and Watts, 2005). The
variation in the thickness of the submarine slide relative to the depth of water above
it, may contribute to dispersion, however these effects are likely to be engulfed by
the overall volume displacement that occurs (Glimsdal et al., 2013).
2.4 Summary
Much of the experimental work that has been previously carried out has focused on
rigid slides in a two-dimensional idealised environment. These studies indicate that
initial slide acceleration, initial submergence, bed slope angle and slide volume/mass
are the most important factors in determining wave characteristics. It has been
recommended that further work on slide deformation is undertaken. A summary of
the effect of slide parameters on wave characteristics can be found in Table 2.1.
Wave heights are strongly dependent on initial acceleration, and that additional
parameters affecting wave height include: slide volume (thickness, length, width),
slide velocity, slide deformation and retrogression. The maximum water surface
elevation increases with: increasing slide acceleration, velocity, slide length and
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Slide Property effect on wave
amplitude
effect on wave
period
effect on
wave energy
conversion
Acceleration main none –
Initial Submergence strong – some
Bed Slope Angle strong some main
Thickness strong – –
Terminal Velocity some – –
Deceleration some – –
Length weak some –
Spreading weak – –
Deformation weak some some
Water depth – none some
Duration of movement – none –
Width (for 3D work) important for 3D – –
Table 2.1: Summary of effects of slide properties on wave characteristics from
experimental results
slide thickness and decreasing slide depth (Haugen et al., 2005; Harbitz et al., 2006).
Friction may also be important (Harbitz et al., 2006). This means when the velocity,
and hence acceleration, of a slide is prescribed in simulations it is imperative to
ensure that it is accurate, and further, suggests the slide motion itself should be
modelled rather than assumed and prescribed (as in e.g. Hill et al., 2014). Currently,
slide motion and rheology are not well constrained, therefore modelling relies on
making simplifications and assumptions, such as modelling the slide as a viscous
fluid with a user-defined viscosity. Retrogression acts to decrease the resultant
tsunami wave height in most cases. However, when looking specifically at the threat
to the UK, other factors such as the slide direction and location of a slide with
respect to the UK, are potentially more important. For example, if a slide occurs at
a distance too far from the UK, or in a direction such that no significant waves are
predicted at the coast, other slide parameters are irrelevant. This may have been
the case for the Trænadpupet slide in the Nordic Seas, where, despite indications of
a substantial slide volume, no corresponding tsunami deposits have been found yet
(Romundset and Bondevik, 2011).
The modelling of submarine slide generated tsunami from the initiation of submarine
slide motion and wave generation, through to wave propagation and inundation in
three dimensions is computationally challenging. Therefore, numerical simulations
have tended to rely on simplifications to make the problem more tractable.
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The common assumption of a rigid block does not account for deformation of the
slide, which studies have shown affects the wave produced. Rigid slide models
incorporate a slide velocity and acceleration that must be estimated, however, since
the generated waves have been found to be very sensitive to these parameters, it
suggests that accurate representation of the slide dynamics is imperative to achieve
accurate wave heights in simulations. Modelling the slide dynamics removes the
need to prescribe motion, but is computationally more expensive. Prescribing the
slide motion results in one-way coupling between the slide and water, i.e. the slide
movement influences the water, but the water does not affect the slide motion. Two-
way coupling is considered in the work of Jiang and LeBlond (1992); Fine et al.
(1998); Suleimani et al. (2009); Nicolsky et al. (2010), however these studies all used
shallow water models. Jiang and LeBlond (1992) and Harbitz et al. (2006) found
that the effects of two-way coupling are most significant when the slide density is
only slightly greater than the density of the water; and when the slide is located at
shallow water depths (e.g. in their work slide density is 1.2 times the water density,
slide thickness is 0.4 times water depth). These conditions are not always applicable
to submarine slides. Although Chapter 3, section 3.4 and Chapter 4 consider a
submarine slide located in shallow water where two-way coupling is expected to be
important.
A number of different numerical approaches have been used to simulate the genera-
tion and propagation of submarine slide generated waves. The shallow water (long-
wave) approximation assumes the horizontal scale of the wave motion is considerably
larger than the local water depth or vertical scale (Harbitz, 1992; Jiang and LeBlond,
1992, 1993, 1994; Thomson et al., 2001; Fine et al., 1998, 2005; Assier-Radkiewicz
et al., 2000; Yavari-Ramshe and Ataie-Ashtiani, 2015). Whilst this approximation
is generally appropriate for seismogenic tsunami, it may not be appropriate for sub-
marine slide generated waves, which often have shorter wavelengths (Glimsdal et al.,
2013; Løvholt et al., 2015). Shallow water models become increasingly less appro-
priate in increasing water depths and decreasing water wavelengths, as dispersion
becomes more important (Bornhold and Thomson, 2012) and this approximation
neglects frequency dispersion and vertical velocity/acceleration. Boussinesq forms
of the depth-averaged equations are also a popular choice since they account for
wave dispersion (e.g in studies of the slide tsunami in 1946 Unimak, Alaska, 1994
Skagway, Alaska and 1998 Papua New Guinea Watts et al. (2003) and (Berndt et al.,
2009)). Boussinesq models are able to account for dispersion as they include Taylor
expansion expressions for horizontal and vertical velocity and a modified wave phase
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speed to include a linear frequency dispersion contribution (Bornhold and Thom-
son, 2012). For a review of their use in the context of submarine slide tsunami see
Løvholt et al. (2015) and the references therein. It is also possible within a single
model to transition between the Boussinesq and nonlinear shallow water equations
to account for wave interactions with the coastal zone, including sea wall defences.
For cases including coupling to Fluidity at the large scale, see McCabe et al. (2014)
and Mouradian et al. (2016).
The importance of realistic slide dynamics (i.e. acceleration and maximum velocity)
and internal deformation during the wave-generating stage of slide motion motivates
the choices of numerical modelling approach used in this work. While approxima-
tions to the full Navier-Stokes equations are often valid, in order to investigate fully
the effects and importance of slide dynamics and deformability on wave generation,
the use of full Navier-Stokes models allows vertical acceleration to be considered
and provides a more complete representation than shallow water models, particu-
larly for relatively small slides (Watts and Grilli, 2003; Abadie et al., 2012; Glimsdal
et al., 2013; Horrillo et al., 2013). Accounting more fully for slide deformation and
dynamics, and solving the full Navier-Stokes equations, introduces additional com-
plexity and increases the computational expense of numerical simulations of waves
generated by submarine slides. A way to minimise this additional expense is to
make optimum use of computational resources, for example by exploiting adaptive
meshing technology.
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References Tank Dimen-
sions
Bed Slope
(◦)
Failure Mass Specifications 2D or 3D Wave
stage
Rigid only L W H (m)
Heinrich (1992) 20 0.55 1.5 45 triangular cross section box 2VD G, P, R
Watts (1998) 9.14 0.0101 0.66 45 PVC triangle-section (86 ×
86mm)
2VD G
Watts (2000) 9.14 0.0101 0.66 45 right triangle, density varied 2VD G
Watts et al. (2000) 30 3.6 1.8 5,15,30 elliptical 2VD G
Enet et al. (2003) 30 3.6 1.8 15 semi-ellipse Al sheet 3D G, P
Grilli and Watts (2005) 30 3.7 1.8 15 semi-ellipse Al sheet 2VD G, P
Enet and Grilli (2005) 30 3.7 1.8 15 smooth solid, gaussian 3D G, P, R
Liu et al. (2005) 104 3.7 4.6 26 solid wedge and hemisphere 3D G, P, R
Sue et al. (2006) 15 0.25 0.5 15 solid, elliptical 2VD G, P, R
Enet and Grilli (2007) 30 3.7 1.8 15 smooth solid, gaussian 3D G, P, R
Sue et al. (2011) 15 0.25 0.5 15 semi-elliptical, rigid 2VD G, P, R
Whittaker et al. (2012) 15 0.25 0.5 0, flat solid block, motion controlled 2VD G
Deformable inc. Rigid
Assier-Rzadkiewicz et al. (1997) 4.0 0.3 2.0 30,45 3 grain sizes of sand flows 2VD G
Watts and Grilli (2003) 30 3.6 1.8 45 glass beads, steel and lead
shots
2VD G
Ataie-Ashtiani and Najafi-Jilani
(2008)
25 2.5 1.8 15, 30, 45, 60 semi-ellipse, triangle, box,
granular confined/unconfined
3D G, P
Table 2.2: Previous laboratory experiment work on submarine slides, adapted from Ataie-Ashtiani and Najafi-Jilani (2008).
2VD: Two-vertical dimensional; 3D: Three dimensional;
G: Generation of impulse wave; Propagation of impulse wave; R: Run-up of impulse wave.
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THREE
Modelling of tsunami generation
by submarine slides using multiple
materials and mesh adaptivity
3.1 Introduction
In this Chapter, Fluidity is used to recreate two hypothetical two-dimensional slide
tsunami scenarios, one at the laboratory scale (after Assier-Rzadkiewicz et al. (1997);
Ma et al. (2013)), and one at full scale, occurring in the Gulf of Mexico (after Horrillo
et al. (2013)). A large amount of this chapter is published as Smith et al. (2016).
Several studies have concluded that submarine slide acceleration and velocity are
key parameters in determining resulting wave characteristics (Harbitz, 1992; Harbitz
et al., 2014; Løvholt et al., 2015). Many previous models rely on using analytically
derived estimates for the slide velocity and acceleration, because simulating the slide
dynamically, including its interaction with the water, internal deformation and drag,
adds substantial computational expense. To avoid estimating the slide dynamics, a
simulation is required to explicitly model the water and slide, and the interaction
between the two. In this chapter, Fluidity is used to model wave generation from
a deformable submarine slide that moves dynamically as a Newtonian viscous fluid
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using three different approaches for modelling the slide motion and wave generation.
This removes the need to rely on estimates of the slide acceleration and maximum
velocity and will allow the importance of the slide deformation to be determined.
Adaptive meshes are employed to reduce the computational expense of simulations
which makes this application more practical.
3.2 Methods
Fluidity offers several important advantages for submarine slide tsunami modelling.
Fluidity can employ a number of different numerical approaches to simulate the sub-
marine slide dynamics and wave generation, within one numerical framework, which
avoids the need to approximate the effect of the submarine slide on the water sur-
face. The approaches compared are: a sediment model with a free surface (SEDFS);
a two-material model: viscous slide and water, with a free surface (MM2FS); and
a three-material model: viscous slide, water and air (MM3). The sediment model
approach is similar to the two-material model in that it tracks the viscous slide and
water, but differs in that it uses a more diffuse treatment of the slide-water interface
and can be extended to describe particle settling and sediment deposition. In the
MM3 approach the response of the ocean surface to the submarine slide movement
is represented by the interface between the water and air, whereas MM2FS and
SEDFS use a free surface (FS) boundary condition method to describe the water
surface motion. SEDFS is described further in Section 3.2.1 and MM2FS and MM3
in 3.2.3. In all approaches the submarine slide movement is driven by the density
difference between the submarine slide and water. The results show that the three
different approaches produce very similar wave amplitudes and waveforms that are
consistent with experimental data (at the laboratory scale) and allow comparisons
to be made with other numerical models (at laboratory and full scale) that employ
different numerical approaches (e.g., Assier-Rzadkiewicz et al., 1997; Ma et al.,
2013). The merits of each approach for different applications are discussed, as is
their relative computational expense.
Fluidity also has the benefit that it solves the Navier-Stokes equations on unstruc-
tured meshes, that can be fixed (but still multi-scale: Hill et al. (2014); Martin-Short
et al. (2015)) or fully dynamically adaptive. Adaptive meshes change their topology
and resolution based on the current simulation state and as such can focus or re-
duce resolution when and where it is required. Adaptive meshes can help to reduce
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computational cost without losing accuracy (LeVeque and George, 2008; Hill et al.,
2012; Hiester et al., 2014; Parkinson et al., 2014; Behrens, 2014; Liang et al., 2015;
Pons et al., 2016).
In this chapter Fluidity is used to solve the single phase incompressible Navier-Stokes
equations:
ρ
(
∂u
∂t
+ u · ∇u
)
= −∇p+ µ∇2u− ρgk, (3.1a)
∇ · u = 0, (3.1b)
where u is the velocity vector, t represents time, p is pressure, µ is the dynamic
viscosity, ρ is the density, and for this work a coordinate system is assumed where
g, the gravitational acceleration, acts in the z direction: k = (0, 0, 1)T .
For incompressible flows with variable density, an additional equation is required to
close the system; this is referred to as the equation of state. In the approaches used
here, this equation relates the bulk density to the volume fractions of materials in
the problem, or the concentration of sediment, along with the associated material
properties. The equation of state will depend on the approach used with more
details given in sections 3.2.1 and 3.2.3. Further details of the discretisation methods
employed in this work are given in section 3.2.4.
3.2.1 SEDFS: Sediment, Water and Free Surface
The SEDFS approach uses a scalar tracer field describing the sediment concentration
(particle volume fraction) to represent the dense slide. The sediment is of a user-
defined density and sinking velocity (Parkinson et al., 2014). The user can add
as many sediment tracer fields as required. Each sediment tracer field, indexed i,
represents the concentration, ci, of that sediment class, that behaves as any other
tracer field, except that it can also be subject to a settling velocity, usi. The scalar
equation governing the evolution of the suspended sediment mass is:
∂ci
∂t
+∇ · ci(u− kusi) = κ∇ci). (3.2)
The settling velocity, usi is the hindered sinking velocity, that depends on the sedi-
ment concentration. Here, due to the high density of the slide, the sinking velocity
is negligible and thus ignored. κ is the diffusivity of the sediment and here the
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magnitude is set to a small value, 10−6 m2s−1. This value describes the mixing of
the tracer field/sediment concentration.
The simulations presented in Section 3.3.1 assume a single sediment class and denote
its concentration of particles in the fluid cs. The equation of state in this case takes
the form
ρ = (1− cs)ρw + csρs, (3.3)
where ρs is the density of the individual sediment particles and ρw is the density of
the water. In the laboratory scale test case in Section 3.3.1, ρs is 2650 kgm
−3, ρw
is 1000 kgm−3 and the maximum value for cs is 0.58 (Ma et al. (2013), taken from
the maximum packing density of spherical particles), giving a slide bulk density of
1950 kgm−3 . (For the large scale test case the maximum value for cs is the same,
ρs is 2724 kgm
−3 and the slide bulk density is 2000 kgm−3.) Further details of this
SEDFS approach may be found in (Parkinson et al., 2014). The approach is similar
to that of Ma et al. (2013) who studied similar problems.
3.2.2 Free surface mesh movement
To simulate the evolution of the water surface in response to the slide dynamics
in SEDFS, Fluidity's free-surface boundary condition option is used (Funke et al.,
2011; Oishi et al., 2013). This moves the upper boundary of the computational
domain, with a linear stretching of the nodes/elements in the interior of the domain
down to the fixed position of the domain’s lower boundary.
3.2.3 MM2FS: slide, water and free surface and MM3: slide,
water and air
Here, two multi-material approaches are considered that differ in whether air is
explicitly modelled or not, and hence whether the free surface method described
above needs to be employed to simulate the evolution of the water surface. In these
models, volume fraction fields, ϕi, are used to describe the location of different
materials. Each of the nϕ volume fraction fields vary in [0, 1] and sum to unity
everywhere:
nϕ∑
i=1
ϕi = 1. (3.4)
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In this work, either two materials (nϕ = 2, MM2FS: slide and water), or three
materials (nϕ = 3, MM3: slide, water and air), are modelled. MM2FS has many
similarities to SEDFS, including the ‘FS’ free surface method presented above being
used to represent the location of the upper boundary to the domain. The differences
between MM2FS and SEDFS are described in more detail in section 3.2.4
Since, from (3.4), one of the volume fraction fields (here always water) can be
recovered from the others using
ϕnϕ = 1−
nϕ−1∑
i=1
ϕi, (3.5)
nϕ − 1 advection equations of the form
∂ϕi
∂t
+ u · ∇ϕi = 0, (3.6)
need to be solved. This implies only the slide volume fraction is solved for in the
case of MM2FS, and the slide and air volume fractions are solved for in the case
of MM3. In both approaches the location of the water is recovered using Equation
(3.5).
In both MM2FS and MM3 the bulk density and viscosity used in Equation (4.1a) is
recovered from the volume fraction weighted averages for all the materials in each
approach using:
ρ =
nϕ∑
i=1
ϕiρi, µ =
nϕ∑
i=1
ϕiµi, (3.7)
where ρi and µi represent the constituent densities and viscosities of the individual
materials.
For the laboratory scale test case, the densities of slide, water and air (if MM3)
are 1950 kgm−3, 1000 kgm−3 and 1 kgm−3 respectively. In the large scale test
case the densities are the same except for the slide, that has a density of 2000
kgm−3. In the MM3 approach the height of the air included in the model above the
water is chosen to be several times the expected maximum wave height. Since the
air is explicitly modelled in this approach, with the free surface being represented
by the interface between water and air, this approach can naturally handle wave
overturning/breaking. In the ‘FS’ approach, the inability to simulate wave breaking
is a limitation.
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3.2.4 Discretisation
Fluidity uses the finite element method to solve the Navier-Stokes and accompanying
equations. Several velocity-pressure representation choices (also known as element
pairs) are available and the optimal choice depends on the approach employed (sec-
tions 3.2.1 and 3.2.3). A mixed discretisation approach can be taken where different
function spaces are used to represent velocity and pressure. Implicit time-stepping
(the theta method) is used and, following linearisation of the nonlinear advection
terms. The associated linear solves for the discretised velocity and pressure sys-
tems are conducted in a segregated manner within a pressure-projection framework
that enforces a divergence-free velocity field (Piggott et al., 2008). Following an
update to velocity, scalar advection (-diffusion) equations for sediment concentra-
tion or material volume fractions are then solved using flux-limited control volume
discretisation methods that feed into an updated density via the equation of state
(3.3 or 3.7). Within a time step, two Picard iterations are then utilised to deal with
nonlinearity and the coupling between all of the unknowns in the complete system.
In addition, in the simulations presented here adaptive time-stepping is used, where
the time-step varies, depending on a user-specified maximum Courant number.
For the SEDFS approach (section 3.2.1), (4.1a) and (4.1b) are discretised using a
linear continuous Galerkin approximation (P1) choice for both velocity and pressure
(Piggott et al., 2008). Within a theta time-stepping algorithm, θ = 0.5 is selected
yielding the second-order Crank-Nicolson method for velocity. To aid stability a
streamline upwind method is used to treat the nonlinear advection term. Here the
sediment concentration field(s), cs, is discretised using a control volume method on
the dual of the triangular finite element mesh, that is denoted here by P1CV. A
flux-limited control volume method is used to solve this scalar equation (Wilson,
2009; Piggott et al., 2009). The Sweby flux limiter (Sweby, 1984) is used to ensure
a bounded result.
The MM2FS approach (section 3.2.3) has many similarities to the SEDFS approach,
but with a different underlying finite element pair, and the use of a more compressive
flux limiter (Leonard, 1991). For the discretisation of the equations for the volume
fractions, (3.4) and (3.5), a control volume method is used again. Compared to the
Sweby limiter, the more compressive limiter used in the MM2FS approach enforces
a much sharper interface between the slide and water, typically within one element
width. A fully explicit first-order time-stepping scheme is used in combination with
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a ‘sub-cycling’ approach that ensures a maximum Courant number of 0.25 (Wilson,
2009). For the discretisation of the momentum and continuity equations, (4.1a)
and (4.1b), a piecewise constant (P0) approximation is used for velocity. For MM3,
pressure is discretised using the same approximation as the volume fraction fields,
i.e. using the P1CV discretisation. The same pressure space is also used as the test
space for the continuity equation (4.1b). The consistency with the volume fraction
discretisation leads to a method that is both bounded and conservative (Wilson,
2009). For the MM2FS approach, a P1CV based method is not available for the
combined pressure and free-surface field. Therefore, in this case, the P0 velocity
discretisation is combined with a piecewise linear (P1) discretisation for pressure
and free surface. As a result the volume fraction discretisation is not conservative.
However, for the cases studied here the amount of mass loss was negligible.
In MM3, the interface between water and slide is dealt with as for MM2FS. The
interface between air and water is also handled using a compressive limiter, with a
coupled approach ensuring that the limiter maintains boundedness for all volume
fraction fields (Wilson, 2009).
Further details of the discretisation methods employed can be found in Piggott et al.
(2008), Wilson (2009) and the Fluidity manual (AMCG, 2014).
3.2.5 Mesh Adaptivity
With the goal of maximising computational efficiency, the utility of the dynamic
mesh adaptivity algorithms available within Fluidity is investigated. Specifically, so-
called mesh optimisation algorithms are considered that aim to periodically improve
the mesh, through the minimisation of an optimisation functional, via a series of
heuristic operations that locally update the shape, size or connectivity of the mesh.
The optimisation algorithm aims to achieve elements of given edge lengths, that can
vary throughout the mesh. A measure of the size and shape of individual elements
is provided by the optimisation functional, and these quantities are evaluated with
respect to a metric tensor, M .
For a chosen field (in this work the volume fraction of water, ϕwater, the metric, M
is defined by:
M =
1
εϕwater
|H(ϕwater)|, (3.8)
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where εϕwater is a constant user-defined weight for ϕwater. Based on sensitivity stud-
ies, in this work ϕwater alone was used to construct M , to ensure the interfaces
between materials were well resolved. |H(ϕwater)| is the Hessian matrix (of second-
order derivatives) for ϕwater where the absolute values of its eigenvalues have been
taken (Hiester et al., 2011). |H(ϕwater)| describes the curvature of the volume frac-
tion field in the different coordinate directions, and is used to identify regions of the
domain that warrant fine or coarse resolution in the vertical and/or horizontal di-
rection (Pain et al., 2001). The M chosen thus encodes the desired mesh resolution,
that can be highly anisotropic.
Since M is motivated by linear interpolation error theory the result of the mesh
optimisation operation described above is to place finer resolution in regions with
high curvature in solution fields, and coarser resolution where the field varies linearly.
In practice, M is limited in order to place restrictions on the maximum and minimum
element size, maximum allowable aspect ratio, the spatial gradation of element edge
length, and maximum number of elements permitted. For more details and examples
of this approach see Piggott et al. (2008); Hiester et al. (2011, 2014); Hill et al. (2012)
and Parkinson et al. (2014) and references therein.
3.2.6 Metric advection
The concept of metric advection is considered in some of the simulations presented
here to reduce the required frequency of adapting the mesh. Metric advection in-
volves the advection of each component of the metric with the flow field and is
described further in Hiester et al. (2011). The motivation for advecting the metric
is to pre–empt where higher resolution is likely to be required in between times when
the mesh is adapted. For example, so that the interface between materials, including
the fast moving head of the slide, does not advect outside the region of enhanced
resolution and therefore potentially be subject to excessive numerical diffusion. This
results in higher resolution over a greater area, and therefore an increased number
of nodes. However, in principle it allows the frequency of mesh adapts to be reduced
whilst maintaining a good representation of the dynamics in the simulation.
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3.2.7 Vertically aligned adaptivity
For relatively high aspect ratio problems it has been found that maintaining columns
of elements in the vertical direction has advantages for stability. Fully unstructured
meshes without any alignment in the vertical direction, can give rise to artificial
horizontal gradients of fields that only vary vertically in the case of high aspect
ratio problems. For instance, in the MM3 approach, the initial air-water interface
should be completely flat and remain at rest; however, with no vertical alignment
of the nodes in the mesh, small artificial gradients in the hydrostatic pressure will
initiate spurious waves leading to instability.
Despite the restriction to vertical columns of elements, adaptive resolution in both
the horizontal and vertical direction can still be achieved using a two-stage approach.
In the first stage, a horizontal surface mesh is created with varying resolution accord-
ing to the horizontal components of the metric, M . In the second stage this mesh is
extruded vertically by creating columns of nodes under each node of the horizontal
mesh. The distance between the nodes (vertical resolution) can be chosen for each
column independently (i.e. the resulting mesh is not layered in the vertical). Finally
the nodes are connected into cells.
Since the test cases considered here are only two-dimensional, both the horizontal
mesh, and the vertical meshes (columns of nodes) below each surface node, are one-
dimensional and mesh adaptivity is straight-forward. First we obtain the desired
new edge lengths ∆xi by projecting the metric in the appropriate direction given by
a unit vector eˆ, and using the following relation:
∆x2i eˆ
TMieˆ = 1. (3.9)
This expresses the fact that the optimal edge when measured with the metric should
have length one.
Next, the old mesh co-ordinates are mapped x 7→ x˜ from physical space to a so–
called metric space using:
x˜1 = 0; x˜i = x˜i−1 +
xi − xi−1
∆xi
, (3.10)
where ∆xi is the desired edge length between nodes xi and xi−1. Regions of the old
mesh that require adaptation will give node spacings in metric space that differ from
the ideal edge length of one. To define the new mesh, the first step is to calculate
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the optimum number of nodes. Since the ideal edge length in metric space is one,
this is simply x˜N rounded up to the nearest integer, where N is the last node of
the old mesh. Then the new mesh is created using a uniform node separation of
x˜N/ceiling(x˜N), that is not quite equal to one but ensures an integer number of
edges fit exactly into the domain. The final step is to map the position of the new
nodes in metric space back to physical coordinates by interpolating from the old
nodes in metric space.
If x′j and x˜
′
j are the coordinates of the new mesh in physical and metric space,
respectively, the interpolation is given by:
x′j =
x˜′j − x˜i−1
x˜i − x˜i−1 xi +
x˜i − x˜′j
x˜i − x˜i−1xi−1 (3.11)
for x˜i−1 < x˜′j < x˜i. This approach to one-dimensional mesh optimisation avoids
directional bias and the need to crop the last element on one side of the domain.
3.3 Laboratory scale test case: Assier-Rzadkiewicz
et al. (1997)
3.3.1 Problem set-up
This test case is taken from the laboratory experiments and numerical models of
Assier-Rzadkiewicz et al. (1997), which itself is an extension using deformable slides,
of the rigid block experiments and numerical models of Heinrich (1992). Heinrich
(1992) used the two-dimensional incompressible Navier-Stokes equations, modelling
water with a free surface, and a rigid slide represented using a moving bottom
boundary. Assier-Rzadkiewicz et al. (1997) extended the NASA-VOF2D code to
deformable slides, using a sediment-mixture numerical model. NASA-VOF2D solves
the two-dimensional incompressible Navier-Stokes equations on a structured grid
using low order finite differences and with a volume of fluid (VoF) approach to track
the location of the free surface (Torrey et al., 1985), and treats the slide as a viscous
fluid. Assier-Rzadkiewicz et al. (1997) also conducted laboratory experiments of
granular slides in order to test this model. The laboratory experiments used both
solid (with 45◦ slope angle) and deformable slides (30◦ and 45◦ slopes angles). The
deformable slides were represented using granular materials with three different grain
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size ranges. The tank used was 4 m long, 0.3 m wide and 2.0 m high, with a water
depth of 1.6 m. The submarine slide mass was initially triangular in shape and spans
the width of the channel, so this was considered a two-dimensional experiment. The
dimensions of the slide were 0.65 m × 0.65 m, with a mean density of 1950 kgm−3.
Water density 1000 kgm-3
Sediment density 1950 kgm-3
45°
0.65 m
4 m
1.6 m
0.65 m0.1 m 
Figure 3.1: Geometry and initial condition for laboratory scale simulations, after
Assier-Rzadkiewicz et al. (1997).
Ma et al. (2013) presented results of an extension of the NHWAVE (Non-Hydrostatic
WAVE) model, that were also compared with the Assier-Rzadkiewicz et al. (1997)
test case described above (along with other scenarios). NHWAVE is a three-dimensional
(non-hydrostatic) Navier-Stokes model using finite volume based discretisations on
a structured grid that utilises free surface/bathymetry following σ coordinates and
where the free surface movement is controlled through time-stepping the depth-
integrated continuity equations (Ma et al., 2012). Similarly to NASA-VOF2D, the
slide was represented using a sediment-mixture model. Assuming the same mean
density as Assier-Rzadkiewicz et al. (1997), they use a volumetric sediment concen-
tration of 0.58. Ma et al. (2013) used a simplified slide model, that did not consider
inter-granular stresses. A κ− ε RANS turbulence model (Lin and Liu, 1998a,b; Ma
et al., 2011, 2013) was used to calculate turbulent viscosity and diffusivity.
Here, Fluidity was used to simulate the same deformable slide scenario, from Assier-
Rzadkiewicz et al. (1997). The initial condition is shown in Figure 3.1. Three ap-
proaches were compared within Fluidity: SEDFS, MM2FS and MM3. An adaptive
timestep was used, with a requested maximum Courant number of 0.75. A free-slip,
no-normal flow boundary condition was used on the slope and bottom of the tank.
A dynamic water viscosity of 1 kgm−1s−1 was used in all simulations, whilst dy-
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namic viscosities of 10 kgm−1s−1 and 0.1 kgm−1s−1 were used for the slide and air
respectively in MM2FS and MM3 simulations. A consequence of using the free-slip
boundary condition means that the viscosity of the overlaying slide material does
not strongly influence the motion of the silde, and therefore a relatively high value
of viscosity is used in order to maintain a stable interface between the slide mate-
rial and water. Results are compared to the laboratory experiments and numerical
results in Assier-Rzadkiewicz et al. (1997), as well as the numerical results from Ma
et al. (2013), that used an approach similar to SEDFS.
3.3.2 Fixed mesh results
Results are presented for the same fixed mesh resolution as Assier-Rzadkiewicz et al.
(1997) (0.1 m by 0.1 m element edge lengths) and at the same time levels. All three
of the approaches available with Fluidity give similar results, and agree closely with
the numerical results of Assier-Rzadkiewicz et al. (1997).
The slide geometry in the different models is very similar at both time intervals
illustrated in Figure 3.2. The slide-water interface is most diffuse in SEDFS, owing
to the less compressive advection scheme employed in this approach as well as the
explicit inclusion of diffusion. Bulk densities at these time intervals are also shown
in Assier-Rzadkiewicz et al. (1997) and Ma et al. (2013). In all cases the slide head
overturns, and a second overturning billow of material separates off the main slide
further up the slope.
Figure 3.3 (a,c) compares the surface wave forms predicted by Fluidity’s three ap-
proaches. There is little difference between the three approaches at 0.4 seconds
(Figure 3.3 a), because the slide has quickly accelerated into deep water, where any
changes in the detailed slide geometry due to differences in the numerical treat-
ment of the slide, have little influence on the wave produced. At 0.8 seconds wave
amplitudes are larger for NHWAVE than NASA-VOF2D and Fluidity (Figure 3.3
c).
Figure 3.3 (b,d) presents experimental results (Assier-Rzadkiewicz et al., 1997) along
with previous numerical model results from NASA-VOF2D (Assier-Rzadkiewicz
et al., 1997) and NHWAVE (Ma et al., 2013), for comparison with the range of results
from the three different approaches in Fluidity. As observed with NASA-VOF2D
(Assier-Rzadkiewicz et al., 1997) and NHWAVE (Ma et al., 2013), the maximum
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(a) SEDFS, 0.4 seconds (b) SEDFS, 0.8 seconds
(c) MM2FS, 0.4 seconds (d) MM2FS, 0.8 seconds
(e) MM3, 0.4 seconds (f) MM3, 0.8 seconds
Figure 3.2: Density plots at t = 0.4 seconds and t = 0.8 seconds for initial wa-
ter density 1000 kgm−3, slide density 1950 kgm−3 in SEDFS (top), MM2FS
(middle) and MM3 (bottom)
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(a) 0.4 seconds
0.5 0.0 0.5 1.0 1.5 2.0 2.5
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0.10
0.05
0.00
0.05
g
(
)
Experiment (Assier-
Rzadkiewicz et al., 1997)
NHWAVE (Ma et al, 2013)
NASA-VOF2D (Assier-
Rzadkiewicz et al., 1997)F
Fluidity
(b) 0.4 seconds
(c) 0.8 seconds
0.5 0.0 0.5 1.0 1.5 2.0 2.5
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0.05
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(
)
Experiment (Assier-
Rzadkiewicz et al., 1997)
NHWAVE (Ma et al, 2013)
NASA-VOF2D (Assier-
Rzadkiewicz et al., 1997)F
Fluidity
(d) 0.8 seconds
Figure 3.3: A comparison of water surface elevations for: (a,c) three diﬀerent
approaches by Fluidity: SEDFS (solid red), MM2FS (blue dotted) and MM3
(solid green) and (b,d) the spread in the results obtained with Fluidity (yellow
area bounded by black line) and the experimental results (red dotted) and
NASA-VOF2D numerical results from (Assier-Rzadkiewicz et al., 1997) (purple)
and NHWAVE (Ma et al., 2013) (solid blue) at t = 0.4 s (a,b) and t = 0.8 s
(c,d).
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wave heights predicted by Fluidity are slightly greater than the experimental results.
However, the amplitudes are lower than those obtained in the model used by Ma
et al. (2013), and are also closer to the experimental results than NASA-VOF2D
(Assier-Rzadkiewicz et al., 1997). At 0.8 seconds, for the wave trough located at
0.1 m, the Fluidity range matches very closely with the Ma et al. (2013) model,
and for the wave trough located at 0.6 m, the Fluidity range matches well with
the Assier-Rzadkiewicz et al. (1997) model. The peak in the wave train located at
0.1–0.5 m is higher in Fluidity than both Assier-Rzadkiewicz et al. (1997) and Ma
et al. (2013), and is closer to that observed in the experiments. Here, viscosity of
the slide has little effect on the generated wave, this is due to the combination of
a free-slip, no normal flow boundary condition between the base of the slide and
the slope and the fast acceleration of the slide into deep water which is governed by
the density difference between the slide and water, rather than the slide’s rheology.
Rheology takes longer to affect the slide’s movement, at which point the slide has
travelled down slope, into deeper water, where the slide has less influence on the
water surface.
Ma et al. (2013) note that NHWAVE over-predicts the generated surface waves, be-
cause of faster movement of the slide in the simulation compared to the experiments.
They attribute this to their simplified treatment of the slide, where stresses between
sediment grains that would decelerate the slide, are not considered. However, here
SEDFS makes the same simplification so does not consider these stresses either,
and the slide in SEDFS moves slower than the slide in NHWAVE, so it is unclear
whether this simplification is the reason for the discrepancy.
In the results presented, a free-slip boundary condition was used, for consistency
with the set-up used in Assier-Rzadkiewicz et al. (1997). However, a no-slip, or
drag boundary condition may be more appropriate to reflect the friction of the slide
along the slope at laboratory scale. Ma et al. (2013) appear to use a boundary
condition with some drag, but this is not documented. The laboratory experiment
was compared to two-dimensional numerical models. However, in reality the tank
had some width and there would have been some friction between the water and
the sides of the tank. This would have resulted in a reduction in wave height as
energy was lost to friction. In all the models discussed here, this friction from the
tank sides is not modelled or accounted for; accounting for it may improve the
match between experimental and numerical results. On the other hand, some part
of the discrepancy between models and experiment may be related to experimental
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limitations. For example, small-scale wave generation experiments can suffer from
unavoidable scale effects not present in numerical models. For instance, surface
tension at the air-water interface is a negligible force at large scales and hence often
neglected in numerical models, yet in small scale experiments this force may be an
important component of wave resistance, providing additional dissipation. Given
the possible experimental limitations, the comparisons with the numerical models
NHWAVE and NASA-VOF2D are important for effective evaluation of Fluidity, and
overall a good match is obtained between the three models.
For the models of Assier-Rzadkiewicz et al. (1997) and Ma et al. (2013), results
are not presented past 0.8 seconds. At this time the wave that propagates up-
slope, in the opposite direction to the slide direction, steepens and starts to break.
These models, and the models in Fluidity that employ a free surface boundary
condition (MM2FS and SEDFS), are not able to model the wave breaking. However,
the approach taken in MM3, tracks the interface between the air and water as a
discontinuity in volume fraction, and is therefore able to continue simulating the
wave evolution after breaking and back-fill occurs. This is shown in Figure 3.4.
3.3.3 Adaptive mesh results
A mesh sensitivity study (Figure 3.5) was undertaken to establish the optimum
spatial resolution of the fixed meshes required to achieve a robust result (in terms
of the wave amplitude and the location of the front of the slide). These spatial
resolution studies showed that cells with edge lengths of 0.01 m horizontally and
vertically (leading to a mesh comprising 58,286 nodes) provided a good compromise
between accuracy and efficiency. Increasing the resolution further had minimal effect
on the maximum wave height, as shown in Figure 3.5. This was also the spatial
resolution used by Assier-Rzadkiewicz et al. (1997). For fixed mesh simulations, run
in serial, SEDFS took just over one hour to reach 0.8 seconds, the MM2FS set up
took approximately 1.5 hours, MM3 set up took just over 2 hours.
For MM3 simulations, an adaptive mesh (e.g. Figure 3.6) was also used to dynami-
cally increase spatial resolution in regions of interest and decrease spatial resolution
away from these regions. In the MM3 adaptive simulations described in Table 3.1,
the mesh adapted to the volume fraction of water. This resulted in increased reso-
lution at the boundaries between air-water, and water-slide. The spatial resolution
decreases with increasing distance away from these boundaries. In a simulation it
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(a) 0.7 seconds (b) 0.8 seconds
(c) 0.9 seconds (d) 1.0 seconds
Figure 3.4: Density plots with close-ups showing complex wave interactions, in-
cluding wave breaking and back-fill in MM3 simulation at (a) 0.7 (b) 0.8 (c) 0.9
and (d) 1.0 seconds.
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is possible to vary, amongst other options, the minimum and maximum edge length
in both spatial dimensions; gradation factor (the factor by which the edge length
can change from one element to the next); the field weight, εϕwater ; whether metric
advection is used or not; whether the mesh is adapted before the simulation begins;
and how often the mesh is adapted. To determine the best adaptivity parameters,
a suite of simulations were performed. A sample of these simulations and their
parameters are described in Table 3.1.
Simulation
name
Minimum Edge
Lengths: horizontal,
vertical (m)
Maximum Edge
Lengths: horizontal,
vertical (m)
Metric
Advection
No. of
timesteps
between
mesh adapts
a1 0.01, 0.01 4, 0.5 on 20
a2 0.05, 0.05 4, 0.5 on 20
a3 0.01, 0.01 10, 5 on 20
a4 0.01, 0.01 4, 0.5 off 20
a5 0.01, 0.01 4, 0.5 on 10
a6 0.01, 0.01 1, 0.1 on 20
Table 3.1: Parameters for lab scale adaptive simulations.
In Figure 3.5 the maximum wave height observed in each simulation is plotted for
MM3 fixed mesh simulations (blue line), with edge lengths of 0.04, 0.02, 0.01, 0.005,
and 0.0025 m. This shows the maximum wave heights at 0.4 seconds and 0.8 seconds,
converge to approximately 3.3 cm and 6.3cm respectively. For the adaptive mesh
simulations the maximum wave height is plotted against the average number of nodes
employed during the simulation (between the first adapt of the mesh and when the
simulation reached 0.8 seconds). The error bars displayed show the maximum and
minimum number of nodes during the simulation.
A reduction in the maximum edge length permitted during the simulation (a6 from
a1), results in a maximum wave height closer to the converged value and therefore
increased accuracy. However, there is also an increase in computational cost, because
the number of nodes increases. Simulation a6 used almost an order of magnitude
fewer nodes than the fixed mesh simulation with resolution 0.01 m, to obtain the
converged value for the wave height. An increase in the minimum edge length (a2
from a1) or maximum edge length (a3 from a1) permitted during the simulation leads
to a decrease in accuracy, and there is little, or no, saving in computational cost.
This is because both these changes produce a mesh with less spatial variation in edge
length. Metric advection attempts to predict where higher spatial resolution will be
needed in the future, and increases resolution accordingly. Therefore, not employing
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Figure 3.5: Maximum water surface elevations at 0.4 seconds (top) and 0.8 seconds
(bottom) for MM3 simulations. Fixed mesh results for element edge lengths
0.04, 0.02, 0.01, 0.005 and 0.0025 m, in both horizontal and vertical, represented
by number of nodes in the simulation (solid blue). a1–a6 used adaptive meshes,
plotted at the average number of nodes in the simulation, with error bars to
indicate the minimum and maximum number of nodes used during the simula-
tion. The black dots indicates results from NASA-VOF2D (Assier-Rzadkiewicz
et al., 1997)
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Figure 3.6: Adaptive mesh at 0.8 seconds in simulation a6. Higher spatial resolu-
tion at the boundaries between the three materials can be observed, as can the
vertically aligned nature of the mesh.
metric advection (a4 from a1) results in increased likelihood of the dynamics of
interest (here, the interface between materials) propagating out of the regions of
high resolution, and an associated decrease in accuracy.
Using meshes that adapt more frequently (a5 from a1) is also not advantageous as it
is computationally more expensive and additional small errors are introduced during
the interpolation of fields between the pre– and post–adapted meshes. These are
usually insignificant but can accumulate.
The adaptive simulation a6, uses only 20% of the nodes used in the fixed mesh
simulation that achieves the same result. Simulation a6 uses the same minimum edge
length as the edge length in the fixed mesh, however the edge length is coarsened
away from material interfaces, and this leads to a reduction in number of nodes
and therefore lower computational expense. The simulation time is reduced from
120 minutes (fixed mesh MM3) to approximately 20 minutes (adaptive mesh MM3,
simulation a6).
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3.4 Large scale test case: Gulf of Mexico, Horrillo
et al. (2013)
3.4.1 Problem set-up
To benchmark Fluidity for a full scale tsunamigenic submarine slide event, the re-
cent simulations of Horrillo et al. (2013) were replicated. In that work they present
TSUNAMI3D, their three-dimensional Navier-Stokes model for water and subma-
rine slide, and validate it against the laboratory experiments of Liu et al. (2005),
before applying it to a full-scale historical scenario in the Gulf of Mexico in two and
three dimensions, comparing TSUNAMI3D and a more diffusive commercial CFD
program, FLOW3D.
This scenario is based on evidence that a slide has historically occurred in this
location. Horrillo et al. (2013) assumed the submarine slide took place in a single
event. Estimating a volume of 26.7 km3 with an area of 519.52 km2 and an
excavation depth of 160 m (from shelf to base of headwall scarp). The uppermost
part of the sediment mass lies at an approximate water depth of 140 m.
TSUNAMI3D builds on the classical VoF formulation of Hirt and Nichols (1981) to
track both the water surface and slide interface on a structured grid with a 3rd order
finite difference scheme to solve the incompressible Navier-Stokes system. The VoF
method determines regions containing water and slide material, with corresponding
cell-weighted values of physical properties (density and viscosity) used in the mo-
mentum equation, in a very similar manner to the MM2FS and MM3 approaches
employed in this work. TSUNAMI3D uses a simplified treatment of the free surface:
the free surface in each column of cells is treated as horizontal, and consequently,
wave breaking cannot be modelled. The water and slide are modelled as two in-
compressible, Newtonian fluids. For the full-scale tsunami simulations in a vertical
two-dimensional slice domain (Horrillo et al., 2013) TSUNAMI3D is configured to
only employ two cells in the “third” dimension.
In the two-dimensional full-scale scenario considered, the slide is on average approx-
imately 150 m thick, 30 km long and the slope is approximately 1.6%. Their domain
is 100 km across by 1.24 km high, with 496,000 cells, that are each 100 m across
and 10 m high. The initial densities of the water and slide are 1000 kgm−3 and
2000 kgm−3 respectively. With bathymetry data and slide geometry provided by
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Horrillo (pers. comm) the two-dimensional simulation is replicated using Fluidity,
with the same geometry and fluid densities. The set-up is shown in Figure 3.7. In
Fluidity, the values for dynamic viscosity, in the horizontal and vertical respectively
are set as 106 kgm−1s−1 and 103 kgm−1s−1 for water, and 107 kgm−1s−1 and 103
kgm−1s−1 for the slide. Viscosity values incorporate both the physical viscosity and
the turbulent viscosity. These ‘eddy’ viscosity values were selected through trial
and error in order to dampen any instabilities at the interface between water and
slide, whilst being low enough to have a negligible effect on the overall motion of the
slide. The reason for different viscosity values in horizontal and vertical directions
is that the meshes used in this work employ elements with a high aspect ratio i.e.
with a far larger element edge length in the horizontal direction than the vertical
direction. Anisotropic values for ‘eddy’ viscosity are often required for simulations
on such meshes (Cushman-Roisin and Beckers, 2011).
The problem was reproduced using the three available methods: SEDFS, MM2FS
and MM3. An adaptive timestep was used, with a requested maximum Courant
number of 0.5. A free-slip boundary condition on the water bottom was used.
~1.6%
Sediment Density
2000 kgm-3
Water Density
1000 kgm-3
Figure 3.7: Geometry and initial condition for Gulf of Mexico test case (Horrillo
et al., 2013). The slide is 30 km long and 150 m thick. There is a vertical
exaggeration by a factor of 30.
3.4.2 Fixed mesh results
Sensitivity studies indicated that the wave height is insensitive to changes in vis-
cosity, which was varied from 104 to 109. This is because of the free-slip boundary
condition on the sea floor. Viscosity affects internal deformation of slide material
but has little effect on the velocity at the base of the slide, as there is a frictionless
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boundary between the bottom of the slide and the sea floor. Viscosity would be
expected to have a greater affect on the velocity of the slide if a no-slip boundary
condition is used.Furthermore, the initial movement of the slide is dominated by
buoyancy, and it is this that generates the wave and later rheological effects take
time to develop, by this time the slide has moved into deeper water and has less
effect on the wave produced.
Density contour plots at three times in each simulation (3, 7 and 10 minutes) are
shown in Figure 3.8. As in the laboratory scale simulations, SEDFS (a) has a
more diffuse interface between the slide and water. In all three approaches material
builds up in the slide head and the position of the slide head is almost identical.
Consistent with Horrillo et al. (2013) and Løvholt et al. (2015), the results show
that wave generation is largely controlled by the initial movement/acceleration of
the slide under gravity, as opposed to the later deformation and run out of the slide
in deeper water.
Water surface wave forms obtained by Fluidity at 3, 7 and 10 minutes using the
three different approaches in Fluidity are compared in Figure 3.9 (a, c, e). Between
the three approaches there is very good agreement in wave amplitudes and the
locations of the wave minima and maxima. At 10 minutes, there is more variation
in the three approaches (Figure 3.9e). This is due to the different behaviour of the
slide in each case, the ability of the model to handle wave breaking, and the nature
of the interface between materials, affecting the diffusion of the slide material into
the water. The range of water surface elevations are compared to the two model
results presented in Horrillo et al. (2013), TSUNAMI3D and FLOW3D, at the same
time intervals (Figure 3.9b, d, f). Good agreement (within 10%) in wave amplitude
and wave form is seen between the three models at all time levels. However, the
forward propagating wave forms produced by Fluidity are consistently slightly ahead
of the other models and has a higher maximum peak at 7 minutes (Figure 3.9d).
The rearward propagating wave form produced by Fluidity tends to lie between the
TSUNAMI3D and FLOW3D results.
3.4.3 Adaptive mesh results
In Figure 3.10 the maximum wave heights, at 3 minutes (a) and 7 minutes (b), are
plotted against number of nodes for MM3 fixed mesh simulations (blue line), with
edge lengths in the horizontal/vertical of: 400 × 40 m, 200 × 20 m, 100 × 10 m,
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(a) SEDFS, 3 minutes (b) SEDFS, 7 minutes (c) SEDFS, 10 minutes
(d) MM2FS, 3 minutes (e) MM2FS, 7 minutes (f) MM2FS, 10 minutes
(g) MM3, 3 minutes (h) MM3, 7 minutes (i) MM3, 10 minutes
Figure 3.8: Density plots at 3, 7 and 10 minutes in SEDFS, MM2FS and MM3
simulations. There is a vertical exaggeration by a factor of 30.
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Figure 3.9: Water surface elevations at 3 minutes, 7 minutes, and 10 minutes for
(left) Fluidity: SEDFS (solid red), MM2 (dashed blue), MM3 (solid green), and
(right) the range of Fluidity wave heights (yellow area bounded by black line)
compared against TSUNAMI3D (solid blue) and FLOW3D (solid red) (from
Horrillo et al. (2013)).
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50 × 5 m, 20 × 2 m and 10 × 1 m. The maximum wave heights at 3 minutes
and 7 minutes converge to approximately 16 m and 43 m respectively. Cells with
edge lengths of 50 m in the horizontal and 5 m in the vertical provide a reasonable
compromise between accuracy and computational expense.
An adaptive mesh (e.g., a section of which is shown in Figure 3.11) was used to
increase spatial resolution at the interfaces between slide and water, and water
and air. Coarser spatial resolution can be seen with increasing distance from these
regions and despite the columnar restriction in vertically aligned adaptivity (section
3.2.7), the mesh resolution can be seen to be varying locally in both directions. In
Figure 3.10 the maximum wave height for four adaptive mesh simulations are plotted
against the average number of nodes during each simulation. ‘Error bars’ are used
to show the maximum and minimum number of nodes between the first adapt and
when the simulation reached 10 minutes.
Parameters for the four adaptive mesh simulations shown in Figure 3.10 are de-
scribed in Table 3.2. The adaptivity settings were varied to establish the optimum
values. Increasing maximum horizontal edge length (h2 from h1) resulted in only
a slight deterioration in the solution accuracy but significantly reduces the mini-
mum and maximum number of nodes in the simulation. However, as the average
number of nodes is approximately unchanged relative to h1, it does not constitute
a substantial improvement. Increasing minimum vertical edge length (h3 from h1),
reduced the maximum and average number of nodes in simulation, however, this
computational saving comes with substantial loss in accuracy. The absence of met-
ric advection (h4 from h1) resulted in increased likelihood of the material interfaces
propagating out of the regions of high resolution, causing material to diffuse further
into the water column, disturbing the water surface, and resulting in decreased ac-
curacy. The effects of adaptivity parameters observed in the large scale test case are
consistent with those observed in the laboratory scale case.
Simulation
name
Minimum
Edge
Length:
vertical (m)
Minimum
Edge Length:
horizontal
(m)
Maximum
Edge
Length:
vertical (m)
Maximum
Edge Length:
horizontal
(m)
Metric
Advection
No. of
timesteps
between
mesh
adapts
h1 2 100 200 100 on 20
h2 2 100 200 400 on 20
h3 10 100 200 100 on 20
h4 2 100 200 100 off 20
Table 3.2: Parameters for large scale adaptive simulations
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Figure 3.10: Maximum water surface elevations at 3 mins (a) and 7 mins (b)
for MM3 simulations. Fixed mesh results for element edge lengths in horizon-
tal/vertical: 400 × 40 m, 200 × 20 m, 100 × 10 m, 50 × 5 m, 20 × 2 m and
10 × 1 m. These are represented by number of nodes in each simulation (solid
blue). h1–h4 used adaptive meshes, plotted at the average number of nodes
in the simulation, with ‘error bars’ to indicate the minimum and maximum
number of nodes used. The red dot indicates a result from FLOW3D, with the
black dot a result from TSUNAMI3D (Horrillo et al., 2013).
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Figure 3.11: Close up section of adapted mesh at 7 minutes for MM3 simulation
h1. Vertically alligned adaptivity is used.
Adaptive simulation h1 uses, on average, an order of magnitude fewer nodes than the
number of nodes needed in a fixed mesh simulation to obtain a very similar result.
Using a minimum element edge length of 100 × 2 m, and maximum element edge
length of 200 × 200 m, the simulation time, in serial, is reduced to approximately
4 hours, compared to 10 hours for a fixed mesh resolution of 100 × 10 m. The
adaptive results shown are all within 10% of the converged answer at each time.
This indicates that the result is not greatly dependent on the adaptivity parameters
chosen.
3.5 Discussion
The three modelling approaches considered in this work have differing computational
costs. SEDFS is the most efficient, followed by MM2FS, then MM3. This is largely
governed by the increasing number of fields that are solved for (volume fractions or
concentrations) and the need to sub-cycle the solution for the volume fraction in
MM2FS and MM3. However, there is also an increase in the number of degrees of
freedom from SEDFS to MM2FS to MM3. This is due to the changes in discretisa-
tion methods employed, as well as MM3 representing the additional volume of air
above the water surface.
As submarine slides are generally sub-critical – the wave speed is far greater than
the speed of the slide – the initial slide movement dominates the wave generation
(Harbitz et al., 2014; Løvholt et al., 2015). This is typically seen in the simulations
presented here, where the waveform is largely determined by the initial accelera-
tion of the slide, when it is at relatively shallow depths, and not by later details of
the slide movement and deformation. The three different approaches produce very
similar waveforms and the slides evolve similarly in each case. Each of the three ap-
proaches used in this work have advantages justifying their use for different scenarios.
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In the high slide density scenarios considered here, the SEDFS approach differs from
MM2FS and MM3 in how the concentration/volume fraction is advected, i.e. the
choice of flux limiter (see Section 3.2.4); using SEDFS there is greater diffusion of
the slide material. In submarine slide scenarios with lower particle concentrations,
where the settling velocity is non-negligible, SEDFS allows other aspects of slide
dynamics to be considered, including material deposition from the slide (providing
a method to compare to deposits) and its transformation from submarine slide into
turbidity current (Parkinson et al., 2014). However, the full model including sedi-
ment settling dynamics is only valid for dilute sediment concentrations. More dilute
flows will favour the more diffusive SEDFS approach and so the most appropriate
choice of model will also depend on the sediment concentration. Another advantage
of this approach is that the free surface method (used in SEDFS and MM2FS) has
the potential to facilitate more straightforward coupling to a basin scale wave prop-
agation model in the future, or between different approaches within Fluidity (see
Chapter 4).
A disadvantage of SEDFS is that it does not allow the slide and water to have dif-
ferent viscosities; however, this flexibility is available in MM2FS and MM3. Both
MM2FS and MM3 allow modelling of a sharp interface between materials, whereas
SEDFS assumes a more diffusive interface. MM3 is more flexible, as it has the advan-
tage of being able to model wave breaking during the generation phase. However,
in realistic submarine slide scenarios wave breaking does not often occur because
submarine slides are sub-critical and often initiate in deep water, implying that
wave amplitudes are typically low relative to wavelength. If wave breaking does
not occur, modelling the third material (air) is an unnecessary expense, because the
computational domain is larger, and it requires high mesh resolutions at the wat-
erair interface. In this case, simulations that employ Fluidity’s free-surface method
(MM2FS, SEDFS) are computationally more efficient. Additionally, MM3 requires
higher spatial resolution before convergence of the maximum wave height is reached
(comparison not shown). This may be a consequence of how water surface elevation
is extracted from MM3 simulations, as the interface position is not calculated ex-
plicitly as it is with the method used in MM2FS and SEDFS. Instead, the airwater
interface position is calculated based on the air and water volume fractions, and
hence depends more sensitively on spatial resolution.
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3.6 Conclusions
Fluidity has been successfully compared to laboratory experiments and four other
numerical models (two at laboratory scale and two using a full scale slide). Three
different approaches (SEDFS, MM2FS and MM3) within Fluidity have been suc-
cessfully applied to dynamically model submarine slide evolution at both laboratory
and large scales using fixed meshes. Each approach has advantages and disadvan-
tages, so future use will depend on each specific application. Mesh adaptivity has
also been applied at both laboratory and realistic scales, tracking important fea-
tures of the slide geometry as the simulation progresses. The importance of slide
geometry, deformation and dynamics will be the subject of Chapter 5 and future
work. Mesh adaptivity has been shown to reduce the computational expense of
simulations, whilst maintaining accuracy. At both scales we were able to reduce the
number of nodes by at least an order of magnitude. This could be utilised in the
future to simulate scenarios previously considered too computationally expensive.
The faster computation times given by adaptivity will allow for more exploration of
the parameter space of unknown variables in future work in two dimensions.
This chapter has investigated the wave generation from submarine slides, and the
next stage will be to consider basin-scale propagation of the wave, that will re-
quire larger computational domains and, ideally, three-dimensional simulations in
order to model the geometrical spreading of the waves. Fixed mesh, multi-material,
multi-layer models are currently too computationally expensive to viably investigate
tsunami propagation over large distances. Therefore methods must be utilised to re-
duce the computational expense. In this chapter mesh adaptivity was investigated,
and the next chapter will investigate another method using a single-material model.
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Chapter
FOUR
An efficient approach to model
deformable submarine
slide-tsunami in two and three
dimensions
4.1 Introduction
The methods presented in the previous chapter: the MM2FS, MM3 and SEDFS
approaches, were able to accurately represent slide, water (and air) to simulate the
generation of tsunami waves by deformable submarine slides. These approaches ex-
plicitly model the submarine slides and therefore help to improve understanding of
the submarine slide failure process and the forces that act upon the slide and water.
However, the methods are computationally expensive to run, owing to the mod-
elling of multiple materials and requirement of high resolution meshes to resolve the
complex and small-scale slide dynamics and the coupling to wave generation. The
application of mesh adaptivity is able to reduce the computational expense, but the
ability to apply this to much larger computational domains is still restricted. The
simulations in Chapter 3 only considered two-dimensional, vertical slide domains
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over the tsunami generation region. For a full hazard assessment, ocean-wide/long
distance wave propagation and the subsequent wave inundation must be modelled.
Extending the MM2FS, MM3 and SEDFS approaches to significantly larger do-
mains, whilst maintaining the high resolution and number of materials required is
not currently practical. Therefore other approaches that are less computationally
demanding are required.
One of the ways to minimise computational expense is to incorporate the motion of
the submarine slide via a prescribed boundary condition applied on the sea floor of
the computational domain. This allows the number of materials that are modelled to
be reduced, which also allows for lower vertical resolution. However, in most cases,
such approaches assume a rigid slide body and a simplified, idealised acceleration
and deceleration profile. Such rigid slide models also cannot fully account for all the
forces acting upon a submarine slide that will in turn affect wave generation. This
chapter describes the application of Fluidity to submarine slide-generated waves
where only one fluid is modelled (water) and the water motion is driven by an
applied boundary condition at the sea bed. This approach is referred to as the Single
Material (SM) method. By omitting the submarine slide from the simulations, the
computational expense is reduced significantly, and the model can be applied over
an increased area, and in three dimensions, to model the generation and propagation
of the wave towards coastlines.
First, this approach is tested for a rigid slide in two dimensions moving with con-
stant velocity along a sea floor of constant depth. The resultant waves are compared
against an analytical solution proposed by Tinti and Bortolucci (2000a). Subse-
quently the change in position and thickness of the slide in MM2FS simulations
from the previous chapter is used in combination with the SM approach, to create
a new efficient approach for modelling the generation and propagation of tsunami
waves generated by deformable submarine slides that is more computationally vi-
able. The models are ‘coupled’, i.e. an output of one simulation is extracted and
used as a boundary condition for another simulation. This approach is termed Single
Material, Deformable Slide, Simulated Velocity (SM-DS-SV) and is a more efficient
method than a full-scale MM2FS approach but still accounts for slide deformation
and dynamics. In this chapter the SM-DS-SV approach is tested for the same two-
dimensional test case in the Gulf of Mexico as in section 3.4, with a comparison to
the waves generated by the MM2FS approach which were presented in Chapter 3.
Waves produced by the SM-DS-SV approach are also compared to waves produced
76
4.2: Methods: SM - Single material and prescribed velocity boundary condition
by an equivalent volume rigid slide moving with a prescribed velocity profile. One
approach uses an estimated velocity profile (SM-RS-EV: Single Material, Rigid Slide,
Estimated Velocity). The rigid slide’s motion is estimated using a rationale first
developed by Harbitz (1992), applied to simulations of the Storegga Slide tsunami
in Hill et al. (2014) and generalised for several submarine slides of different locations
and volumes in Mouradian et al. (2016).
A further approach is considered where a rigid slide is assigned a velocity profile
based on the motion of the slide in an MM2FS simulation. This is a ‘hybrid’ ap-
proach between a rigid slide with a synthetic, estimated velocity profile (SM-RS-EV)
and a simulation that attempts to account for more realistic slide dynamics and de-
formation using information extracted from simulations that model the slide as a
fluid. This approach is termed Single Material, Rigid Slide, Simulated Velocity (SM-
RS-SV). Two different velocity profiles are extracted from the MM2FS simulation
and applied to the rigid slide in the SM-RS-SV approach. These are the velocity of
the front of the slide, and the velocity of the centre of mass of the slide. By compar-
ing the waves generated by the SM-RS-SV approach with the SM-DS-SV approach,
the effect and importance of slide deformation for wave generation can be isolated
from the importance of slide velocity and acceleration.
Two–dimensional simulations provide an insight into submarine slide tsunami but
ideally three–dimensional simulations should be run in order to establish the three-
dimensional effects on the slide and wave that will occur in real scenarios. The hypo-
thetical submarine slide scenario in the Gulf of Mexico modelled in two dimensions
in Chapter 3, and in the first half of this chapter, is extended to three dimensions
using the SM-RS-EV, SM-RS-SV and SM-DS-SV approaches in three-dimensional
domains. The results are compared to the three-dimensional TSUNAMI3D results
presented in Horrillo et al. (2013). In Chapter 5 this approach is then applied to
two further hypothetical scenarios in the Atlantic Ocean.
4.2 Methods: SM - Single material and prescribed
velocity boundary condition
In Chapters 4 and 5, Fluidity is used to solve the non-hydrostatic incompressible
Navier-Stokes equations under the Boussinesq approximation in a rotating reference
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frame:
∂u
∂t
+ u · ∇u+ 2Ω× u = −∇
(
p
ρ
)
+∇ · (ν∇u)− gk, (4.1a)
∇ · u = 0, (4.1b)
where u is the 3D velocity vector, t represents time, p is pressure, ν is the kinematic
viscosity tensor and ρ denotes the density (here constant as we only simulate water
in this chapter and assume its density is constant), Ω is the rotational velocity of the
Earth and g is the gravitational acceleration with k pointing in the radial, upward
direction.
Submarine slide failure leads to water displacement. In this approach the total water
displacement is determined by the change in slide thickness along the ocean floor
caused by the slide movement. This water displacement is imposed as a normal
velocity Dirichlet boundary condition on the ocean floor, inducing a change in the
normal velocity, and is calculated as:
(u · n)D = [hs(x− xs(t−∆t), y − ys(t−∆t))]− [hs(x− xs(t), y − ys(t))]]
∆t
(4.2)
where ∆t is the timestep of the model, and n is the outward unit normal. Further
details may be found in Mouradian et al. (2016).
This methodology is applicable for both rigid and deformables slides (all methods
SM-RS-EV, SM-RS-SV and SM-DS-SV). This is a similar approach to that employed
by Ma et al. (2012) and Harbitz (1992), though differs in that Harbitz (1992) alter
the free surface height in the shallow water equations (Hill et al., 2014).
Hill et al. (2014) tested Fluidity’s SM-RS-EV approach against Haugen et al. (2005)
in two dimensions and achieved good agreement between the two models for a rigid,
Storegga Slide, that is much larger than the slide considered here. Mouradian et al.
(2016) applied this methodology to a range of submarine slide scenarios in the
Greenland-Norwegian oceanic basin that have the potential to generate waves that
impact the British Isles.
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4.3 Comparison of SM-RS to analytical solution
for constant water depth and slide velocity
The SM-RS approach is first tested for a rigid slide moving at a constant velocity in
an ocean of constant water depth to verify the approach works for submarine-slide
tsunami. For this simplified scenario, the waves produced by SM-RS are compared
to an analytical solution (Tinti and Bortolucci, 2000a).
Tinti and Bortolucci (2000a) investigated waves generated and wave energy pro-
duced by submarine slides using a two-dimensional analytical method. The slide
was assumed to be a rigid and moved with a prescribed, constant velocity for a
finite length of time, in a channel of fixed water depth. The shallow water approxi-
mation is assumed, therefore the velocity of the water is assumed constant through
the water layer and vertical velocity is negligible. The results show the production
of two waves travelling in opposite directions.
SM-RS is set up using a water density of 1000 kgm−3 and an isotropic kinematic
water viscosity of 1 m2s−1. Again, the viscosity value incorporates both the phys-
ical viscosity and the turbulent viscosity. The kinematic viscosity is 103 times less
than the dynamic viscosities of 103 kgm−1s−1 used in MM2FS, as the Boussinesq
approximation is made and dynamic viscosities are divided by the water density of
1000 kgm−3. Anisotropic viscosities used in the MM2FS approach are not required
for the SM approach, as lower vertical resolution is employed and therefore elements
have a lower aspect ratio.
Here, this approach is applied to a channel of constant depth 1000 m and for a rigid
slide 105 m thick, moving at a constant speed of 41 ms−1. These values are chosen
to approximate conditions in the Gulf of Mexico scenario from Chapter 3. Very
good agreement is found between the waves generated by Fluidity SM-RS and the
analytical solution of Tinti and Bortolucci (2000a) (e.g. Figure 4.1).
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Figure 4.1: SM-RS vs. analytical solution (Tinti and Bortolucci, 2000a), for water
depth 1000 m and a slide thickness 105 m, 300 s after slide motion starts.
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4.4 SM-DS-SV approach: Single material, deformable
slide, simulated velocity
In the SM-DS-SV approach the slide evolution is extracted from a multi–material
(MM2FS) Fluidity simulation of slide tsunami generation in order to drive a single-
layer wave propagation model, also using Fluidity. The MM2FS approach is used
instead of SEDFS because a sharp interface between the slide and water is helpful
to accurately extract the temporal changes in slide thickness. MM2FS is used in
preference to MM3 because the extra expense of modelling the third material, air,
is not required as no wave breaking occurs in this scenario. The submarine slide
geometry and position are extracted as a function of time by obtaining the thickness
of the slide above the sea floor for every column of nodes in the mesh. The change
in thickness between timesteps is used to inform a prescribed velocity boundary
condition on the sea floor, in a simulation with reduced vertical resolution. This
mimics the effect of the submarine slide motion on the water column. By omitting
the submarine slide from the simulations, the computational expense is reduced,
and the model can be applied over an increased area, and in three dimensions, to
model the generation and propagation of the wave towards coastlines. Comparing
the results of the multi–material simulation to those of the single material simulation
provides a test of the approach.
The following workflow is undertaken to move from two–dimensional multimaterial,
multilayer simulations to three–dimensional, single material, single layer simulations:
1. Run two-dimensional MM2FS simulation
2. For the SM-DS-SV approach:
(a) extract from MM2FS the thickness of the slide, as a function of distance,
through time
(b) calculate the change in slide thickness at each horizontal location between
the current time and the previous time to give a velocity (dv = dh/dt)
(c) apply this velocity as boundary condition at the sea floor, in the local
normal direction
(d) compare generated waves to the waves generated using the MM2FS ap-
proach
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3. For the SM-RS-SV approach:
(a) extract from MM2FS simulations the location through time of the front
of the slide and the slide’s centre of mass
(b) calculate the velocity of the front of the slide and the slide’s centre of
mass
(c) prescribe the motion of a rigid slide using a choice of one of these two
velocities
(d) compare the generated waves for the different rigid slide velocities, and
to the waves generated by the SM-DS-SV approach
4.5 Test case for the SM-DS-SV approach in two
dimensions: Gulf of Mexico
4.5.1 Set-up
The two-dimensional, full scale test case in the Gulf of Mexico from Chapter 3 is
used here to develop and verify the SM-DS-SV methodology. The process described
in section 4.4 is used to extract the thickness of the slide as a function of position
and time from the MM2FS simulation (see Figures 4.2 and 4.3).
Before the difference in slide thickness, hs, is calculated between two points in time, a
low pass filter is used to remove any effect of the mesh on the shape of the submarine
slide by filtering out high-frequency fluctuations. The parameters of the filter were
chosen so that the overall shape of the slide is preserved, but minor mesh-scale noise
in slide thickness (discussed in Chapter 3) is smoothed. This step is introduced
to ensure that when the difference in slide thickness between two points in time is
calculated, the mesh-scale changes are smoothed out and are negligible compared
to the long wavelength change in shape of the slide and does not result in ‘pulses’
in dh/dt which could lead to a ‘noisy’ boundary condition. Furthermore, the mesh
resolution used in future three-dimensional simulations is much coarser than the
resolutions used in two dimensions, therefore these small scale changes can also not
be represented in the coarser simulations.
The MM2FS approach uses Fludity’s mesh movement algorithm to track the move-
ment of the water column in response to the waves produced. However, in three
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Figure 4.2: Change in thickness and position of a two-dimensional submarine slide
in the Gulf of Mexico computed using the MM2FS approach.
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(a) 10 seconds (b) 200 seconds
(c) 400 seconds (d) 800 seconds
(e) 1000 seconds (f) 1500 seconds
Figure 4.3: Slide thickness and wave height for two-dimensional submarine slide
in Gulf of Mexico computed using the MM2FS approach. Both are vertically
exaggerated on different scales
.
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dimensions, moving the mesh is an unnecessary computational expense and is there-
fore disabled for the single material simulations. Preliminary investigations showed
that the mesh movement algorithm has a negligible effect on the water surface ele-
vations. This is expected when the free surface variation is small compared to the
water depth.
The MM2FS simulations required a high vertical resolution in order to resolve the
interface between the submarine slide and water. However, SM simulations have
no material interface to resolve, and consequently require less vertical resolution.
Preliminary studies were conducted to investigate the number of layers required to
capture the vertical changes in horizontal velocity and the effects on the wave form
produced. The number of layers in each test was kept constant throughout the
domain, with the thickness of each vertical layer of elements dependent on the local
depth. Oishi et al. (2013) used Fluidity to model earthquake-generated tsunami
and recommended using non–uniform vertical layers to focus resolution near the
water surface in order to to efficiently capture the vertical structure of pressure
and velocity for waves that are far from the long wave limit, and hence dispersive.
Layers of non-uniform thickness were able to reproduce the hyperbolic profiles of
the variables of the waves, including larger velocity gradients in the shallowest parts
of the water column, without the need for high resolution throughout the entire
domain (Oishi et al., 2013).
The SM-DS-SV approach was tested with one vertical layer of elements; two and
ten layers of uniform thickness; and two, three, four and ten layers of non-uniform
thickness. In the SM-DS-SV approach, using more layers led to increased maximum
wave amplitudes. There is a difference in maximum wave amplitude observed at
a numerical wave gauge 100 km from the left of the domain of approximately 10%
between one layer and ten layers of non-uniform thickness. For a wave gauge situated
further from the site of wave generation, there is a larger percentage difference in
wave amplitude between simulations with one layer and ten layers of non-uniform
thickness. This suggests a greater loss of wave energy during wave propagation in the
one layer simulation. Concentrating resolution near the surface allowed four layers
of non-uniform thickness to be used to obtain the same maximum wave amplitude
as ten layers of uniform thickness.
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4.5.2 Results and Discussion
When the SM-DS-SV approach is applied to the slide in the Gulf of Mexico, there
is a good match in overall shape of the waveform to the results of the MM2FS simu-
lation that were themselves in good agreement with results from TSUNAMI3D and
FLOW3D models, presented in Chapter 3. Figure 4.4 shows the time variation in
wave height recorded at a numerical wave gauge 100 km from the left of the domain
for the MM2FS approach (blue line) and the SM-DS-SV approach (green line) for
this slide in the Gulf of Mexico, using four vertical layers of non-uniform thick-
ness. The SM-DS-SV approach produces a wave with a reduction in the maximum
amplitude of 30-40%.
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Figure 4.4: Wave heights recorded at wave gauges 100 km from the left of the
domain for Gulf of Mexico submarine slides for the MM2FS and SM-DS-SV
approaches.
It is not immediately clear which of the two approaches is over-estimating or under-
estimating the wave amplitudes as both models compare well with analytical solu-
tions (Hill et al., 2014), numerical models (Smith et al., 2016; Hill et al., 2014) and
run-up heights inferred from tsunami deposits (Hill et al., 2014).
The multi-material approach in MM2FS may over-estimate the wave amplitudes
because the coupling between the slide-water horizontal momentum may not be
completely correct. MM2FS does not consider the slide and water as separate phases
(the model is not a fully multi–phase model), therefore when the slide moves and
deforms, the water immediately above it will move with it at the same speed. This,
in combination with the relatively high values of dynamic viscosity employed for
the slide and water, required for stability reasons (discussed in Chapter 3), could
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result in increased transfer of horizontal velocity through the water column. This
amplification of water velocities to unrealistically high values, could be the cause of
higher wave amplitudes in Fluidity (MM2FS, MM3, SEDFS), as well as other models
(e.g. TSUNAMI3D, FLOW3D). One way to eliminate or confirm this hypothesis
would be to apply a model that is fully multi–phase to the problem in the future.
Conversely the SM-DS-SV approach might under-estimate the wave amplitudes. A
possible explanation for this is that the drag force on the slide may not be well
accounted for in the current model. The slide will undergo different types of drag:
frictional drag between the slide and the sea floor, skin friction drag between the
top of the slide and the water, and form drag which is dependent on the shape of
the slide as it moves through the water. In Fluidity, an applied stress can be used
between the sea floor and the water, to account for the skin friction that would
have been present between the slide and water in MM2FS. Skin friction is the drag
exerted when the relative motion of the fluid occurs parallel to the slide, creating
a frictional force on the surface of the slide that impedes motion (de Blasio, 2011).
The applied stress is a force per unit area that is proportional to the velocity of the
slide relative to the water and a drag coefficient, and can be applied over the length
of the slide. The tangential component(s) of the stress tensor can be imposed as a
boundary condition along the sea floor where the slide is present (AMCG, 2014).
These simulations require an extra concentration of layers of nodes at the bottom of
the water column, where the applied stress boundary condition is applied, in order
to capture the large vertical variations in the horizontal velocity that are present
when a stress is applied. The tangential stress takes the form
τ = ρwCsf |uw − us|(uw − us), (4.3)
where Csf is obtained from:
Csf =
[
1.89 + 1.62 log
(L+ S)
ks
]− 5
2
(Schlichting, 1968) (4.4)
where ks is the roughness length, i.e. the amplitude of the undulations on top of
the slide. This equation is valid for 102 < (L + 2S)/ks <10
6 and is based on an
assumption of a uniformly rough plate and incorporates a measure of the roughness
of the slide surface (Schlichting, 1968). Harbitz (1992) assumed a roughness length
ks = 0.01–0.1 m and thus Csf = 0.0014–0.0019 for the Storegga Slide of total length,
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(L+2S) = 225 km. However, applying this value of Csf for the applied stress in the
SM-DS-SV approach has a negligible effect on the wave amplitude. A reasonable
upper estimate for ks for the slide length in this scenario (∼30 km) is ∼3 m, this
yields a value for Csf = 0.005. A higher value than this is still required to match
the amplitude of the waves generated by the SM-DS-SV simulation to the waves
generated in the MM2FS simulation, Figure 4.5. However, the roughness length
required to produce this much applied stress is physically unrealistic, so artificially
increasing the drag coefficient to increase the applied stress is not justifiable. This
suggests that the absence of applied stress to account for skin friction drag alone is
not the cause of the original discrepancy.
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Figure 4.5: Comparison in wave heights recorded at numerical wave gauge situated
100 km from the left of the domain between the MM2FS approach (blue), the
SM-DS-SV approach with Csf = 0 and the SM-DS-SV approach with Csf =
0.03
In reality, each part of the slide might move with slightly different velocities, but for
simplicity this approach assumes an average velocity used for the entire length of the
slide, and that is the velocity of the movement of the slide’s centre of mass, which
was extracted from the slide in the MM2FS simulation. A more complex assumption
could potentially more accurately represent the variation in applied stress on the
sea floor and lead to a better match in wave amplitude to the MMFS approach. It
is possible a larger applied stress may be required because the slide has deformed to
form a steeper, sharper slide front, this is in contrast to the smooth rigid slide shaped
assumed by Harbitz (1992) and Hill et al. (2014) and provides more resistance to
motion. Future work should investigate this further.
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4.6 Comparison of waves generated by the SM-
RS-EV, SM-RS-SV and SM-DS-SV approaches
in two dimensions
In the absence of information regarding slide dynamics and deformation procured
from MM2FS simulations or otherwise, modelling of submarine slide tsunami must
rely on approximations and assumptions about submarine slide motion and shape.
The assumptions for estimating and prescribing the motion of a rigid slide in the
simulations presented here are described in Section 4.2.2.1 and are based on the work
of Harbitz (1992); Hu¨hnerbach and Masson (2004) and Mouradian et al. (2016).
In this section, comparisons are made between three different approaches for the
which assume a submarine slides that are modelled using three different methods:
• SM-RS-EV approach: A rigid slide whose dynamics are described using a
parabolic velocity profile. This determination of the velocity profile follows
the methodology of Harbitz (1992),
• SM-RS-SV approach: A rigid submarine slide whose speed is described by the
slide position as a function of time from the MM2FS simulation. Where the
slide position is taken as the front of the slide or the slide’s centre of mass,
• SM-DS-SV approach: A deformable submarine slide using extracted slide ge-
ometry and motion from two-dimensional multi material multilayer simula-
tions using the method verified in Chapter 3.
For the slide in the Gulf of Mexico in Chapter 3, the waves generated from rigid slides
with the same cross sectional area as the initial slide in the SM-DS-SV approach
are modelled. Models of rigid slides are run for slides with velocity profiles based
on slide run-out distances of one slide length and two slide lengths. Both have
the same maximum velocity, so this has the effect of altering the acceleration and
deceleration profiles of the slide, which is expected to have a significant influence on
the amplitude and wavelength of the generated wave.
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4.6.1 SM-RS-EV approach: Single material, rigid slide, es-
timated velocity
If information about slide geometry and motion for a scenario is unknown, these
must be estimated. In order to do this, a methodology is employed that follows on
from the work of Harbitz (1992); Hu¨hnerbach and Masson (2004); Hill et al. (2014);
Mouradian et al. (2016).
To simulate a simplified rigid slide in the Gulf of Mexico example, the length of the
slide is kept consistent with the slide length given in Horrillo et al. (2013) and the
maximum slide height is then adjusted to give the same cross sectional area. The
shape is shown in Figure 4.6.
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Figure 4.6: Initial slide thickness for submarine slide in Gulf of Mexico (black line,
from Horrillo et al. (2013)), for use in the SM-DS-SV approach and rigid slide
thickness (blue line) for use in the SM-RS-EV and SM-RS-SV approaches
.
The following rationale for slide dynamics is described in full in Mouradian et al.
(2016). A velocity profile is prescribed for this slide by estimating the maximum
(terminal) velocity of the slide, using a force balance for a submerged submarine
slide on a constant slope (Mouradian et al., 2016):
uterm =
√
2(ρs − ρw)gh(sinα− µcosα)
CDρw
, (4.5)
where ρs is the mean slide density, ρw is the density of the water surrounding the
slide, h is the average slide thickness, α is the slope angle, µ the coefficient of friction
between the slide and the seafloor, g the acceleration due to gravity and CD is the
drag coefficient along the upper surface of the slide.
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Applying Equation 4.5 to the Storegga Slide for reasonable values of µ and CD,
suggests uterm = 56 ms
−1, however studies show the maximum slide velocity that
gives the best match to observed run-up heights was about 60% of this, 35 ms−1
(Bondevik et al., 2005b; Hill et al., 2014). Therefore the maximum velocity of the
slides in this work and in Mouradian et al. (2016) is taken to be 60% of uterm. The
values for µ and k are fixed and taken from Hill et al. (2014) and Mouradian et al.
(2016). ρw and ρs are chosen to match the values in the MM2FS simulations, 1000
kgm−3 and 2000 kgm−3 respectively. Therefore umax is solely a function of the slide
volume and the average slope, which is determined between the initial start and end
depths of the slide.
The velocity profile is chosen to be half-sinusoidal, with the period T = pi
2
R
umax
,
where R is the total runout length, selected to be equal to the slide total length,
R = L + 2S, where L is the length of the slide, S the length over which the slide
thickness tapers. The total runout distance consists of an acceleration phase, Ra
and a deceleration phase, Rd, whereby Ra = Rd = R/2. The position of the slide,
varies in time according to the relationship:
0 < t < T
xs = x0 + s(t)cos(ϕ)ys = y0 + s(t)sin(ϕ) (4.6)
where x0, y0 defines the start location and ϕ is the angle from the x-axis that the
slide travels in,
Acceleration phase:
s(t) = Ra
[
1− cos
(
umax
Ra
t
)]
, 0 < t < Ta (4.7)
Deceleration phase:
s(t) = Ra +Rd
[
sin
(
umax
Rd
(t− Ta − Tc)
)]
, Ta < t < T. (4.8)
Mouradian et al. (2016) use this methodology to simulate a series of submarine slide
scenarios in the Norwegian-Greenland sea and noted a strong dependence of umax
on the average slope angle.
The resulting velocity profile is half-sinusoidal in shape. The width and height of
this half-sinusoid can be adjusted by altering the estimated runout distance of the
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slide and the estimated maximum velocity, respectively.
For this slide in the Gulf of Mexico this rationale predicts a umax of 41 ms
−1, where
umax = 0.6uterm (the terminal velocity of the slide).
4.6.2 SM-RS-SV approach: Single material, rigid slide, sim-
ulated velocity
The displacement of the slide in the MM2FS simulation is extracted for use in the
SM-RS-SV approach. The position of the slide through time was used to calculate
the slide displacement, velocity and acceleration (Figure 4.7).
Two displacements are extracted, the displacement of the front of slide and the
displacement of the slide’s centre of mass. Either velocity profile can be used to
prescribe the motion of a rigid block slide in the SM-RS-SV simulations, referred
to as the SM-RS-SV-SF and SM-RS-SV-COM approaches respectively. Results are
compared with the SM-DS-DV simulations and SM-RS-EV simulations which move
the same rigid block using a hypothesised velocity profile .
4.6.3 Results and Discussion
The waves produced from these SM approaches are compared to each other and those
produced in the original MM2FS simulation. The wave heights recorded at a wave
gauge 100 km from the left of the domain in the Gulf of Mexico are shown in Figure
4.8. A similar maximum wave amplitude is predicted by the SM-DS-SV, SM-RS-
SV-COM and SM-RS-EV approaches. However, the SM-DS-SV approach produces
a better match in wavelength to the wave predicted by the MM2FS simulation.
For the SM-RS-EV approach, a runout distance of one slide length provides a better
match to the wave amplitude in the SM-DS-SV approach than a runout distance
of two slide lengths because the initial acceleration is higher. On the other hand,
a longer run out distance provides a better match in wavelength to the SM-DS-
SV approach. Doubling the runout distance of the rigid slide in the SM-RS-EV
approach results in a 55% decrease in maximum amplitude and a 41% increase in
wavelength. Different maximum velocities of the rigid block were investigated for
the same runout distance. A 27% reduction in maximum slide velocity results in a
56% decrease in maximum wave amplitude and 27% decrease in wavelength. This
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Figure 4.7: Displacement, velocity and acceleration profiles for the slide front of
submarine slide in Gulf of Mexico, extracted from MM2FS simulation.
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Figure 4.8: Comparison of the MM2FS approach with the SM-RS-EV, SM-RS-
SV and SM-DS-SV approaches (top), different estimated velocity profiles for
the SM-RS-EV approach (middle) and different extracted velocity profiles for
the SM-RS-SV approach (bottom). This highlights the dependence of wave
amplitude on the slide’s velocity and acceleration.
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significant impact on the wave height is due to the consequent reduction in the initial
acceleration of the slide. This indicates the generated wave is very sensitive to the
initial acceleration and the maximum velocity of the rigid block slide and therefore
it is important to constrain or estimate the initial dynamics of the slide motion as
accurately as possible.
The SM-RS-SV-SF simulation (which uses a rigid slide moving at the speed of the
slide front (SF) from the MM2FS simulation) results in lower wave amplitudes than
the SM-RS-SV-COM simulation (Figure 4.8). This difference can be attributed to
the motion of the centre of mass better representing the acceleration of the slide at
shallower depths. Slide deformation in the MM2FS (and SM-DS-SV) simulations at
shallower water depths is contributing to the wave generation, whereas in the rigid
slide cases there is only a change in vertical water velocity at the front and back on
the slide (elsewhere the thickness is constant), and therefore the upwards velocity
is applied at a greater water depth than it might be in the case of the deformable
slide.
The wave generated by the SM-RS-EV approach is a close match to the wave gen-
erated by the SM-DS-SV approach (Figure 4.8). This is because the initial section
of the estimated velocity profile is a very close match to the velocity profile of the
slide’s centre of mass motion extracted from the MM2FS simulation (Figure 4.9).
This supports findings that the initial stages of motion are the most important in
terms of wave generation. Later changes in velocity occur when the slide is at a
greater water depth, and when the wave has moved away from the slide. Therefore
when establishing the estimated velocity profile for the SM-RS-EV approach, accu-
rate estimates for the velocity and acceleration as a function of time are imperative.
If it is not possible to achieve a good estimate of these parameters, an MM2FS
simulation should be carried out to obtain this information.
4.7 Three-dimensional Test case: Gulf of Mexico
To consider the nature of three-dimensional submarine slide tsunami it is necessary
to construct a model in a three-dimensional domain. The two-dimensional subma-
rine slide scenario in the Gulf of Mexico, that is considered in this chapter and the
previous, is here extended into three dimensions following Horrillo et al. (2013).
The location and direction of failure of the slide are shown in Figure 4.10. Horrillo
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Figure 4.9: Comparison of velocity profiles for the SM-RS-EV approach for the
velocity of the slide front in the MM2FS approach (black line) and the velocity
of the slide’s centre of mass in the MM2FS approach (orange line), and for the
SM-RS-SV approach with maximum velocity 41m/s and runout distance one
slide length (purple line), maximum velocity 41m/s and runout distance two
slide lengths (blue line) and maximum velocity 30m/s and runout distance one
slide length (green line).
et al. (2013) used TSUNAMI3D to model a three-dimensional slide simulation of the
two-dimensional scenario considered in the previous section. This submarine slide
is a hypothetical scenario based on geomorphological evidence for an historic slide
of that volume in the same area.
4.7.1 Set-up
The SM-RS-EV, SM-RS-SV-COM and SM-DS-SV approaches are modelled in three
dimensions using the Bousinesq set-up in Fluidity, as described in Section 4.2. To
make a three-dimensional slide, the length of the slide, L, and thickness, h, are kept
consistent with the two-dimensional simulations. The slide is located at 95:40:35 W,
27:42:59 N, and the slide failure occurs on a bearing of 168◦, in the opposite direction
to the coastline (shown in Figure 4.10). The horizontal axis of the two-dimensional
domain forms the transect through the centre of the slide, along the bearing of
slide failure. The three-dimensional slide is formed by maintaining this the two-
dimensional slide thickness to a distance of ±B/2 perpendicular to the transect line,
in both directions, where B is the slide width, 18.1 km (Horrillo et al., 2013). A
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Figure 4.10: Map of Gulf of Mexico, including location of slide (rectangle) and
direction of slide motion (dashed arrow).
smoothing factor, hmaxexp
( − (0.3(y′
B
)4)
)
, is applied as a function of perpendicular
distance, y′, to the transect line. This smoothing is in line with Harbitz (1992) and
Hill et al. (2014), except the factor of 0.3 which has been altered from 2.0, to ensure
a consistent slide volume with Horrillo et al. (2013) of 26.7 km3 (See Table 4.1 and
Figure 4.11). The change in slide thickness between timesteps is calculated at each
node/element, as it was in two dimensions, to prescribe a velocity at the sea floor
to mimic the effect of the slide on the water.
Table 4.1: Parameters for three-dimensional SM-RS-EV simulation
Long, Lat
of headwall
Heading Slope
Angle
Maximum veloc-
ity (m/s)
Volume
(cubic km)
Slide thick-
ness (m)
L,S,Width
(km)
95:40:35W,
27:42:59N
168.15 0.69 41 26.7 96.65 16,9.4,18
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Figure 4.11: Three-dimensional slide shape in the Gulf of Mexico scenario
.
Three-dimensional meshes were generated using QGIS software (QGIS Development
Team, 2009) and Gmsh, and are shown in Figure 4.12. The spatial resolution at
the coastlines of interest (in this case the US coast) is 0.5 km, and 1 km at other
coastlines, the resolution is linearly increased to 50 km furthest from the coastline.
In the initial location of the submarine slide the spatial resolution is 2 km within a
80 km radius of the slide. Resolution is also higher in shallow regions, and coarser
in regions of deep ocean. This is specified during mesh generation by varying the
required resolution according to the square root of the bathymetry and the gradient
of bathymetry.
Combining these constraints on spatial mesh resolution results in mesh elements
that have typical maximum edge lengths of 35 km. The mesh is composed of tri-
angular elements across a two-dimensional surface and is extruded down radially to
the depth of the bathymetry, with a single layer of elements, making this a depth
averaged approach. Bathymetric data was obtained from the GEBCO 250 (IOC,
2008) dataset. The coastline is represented by the 0 m contour extracted from the
GEBCO 250 dataset (IOC, 2008). Shoaling at water depths shallower than 1 m is
not captured in the model, instead the water depth in the simulations is capped
at a minimum of 10 m water depth. As the final shoalling and innundation is not
modelled, the waveheights reported here may be an underestimation. The resulting
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Figure 4.12: Multi-scale, unstructured mesh for Gulf of Mexico simulations (top)
and close-up of slide region (bottom). Created by Simon Mouradian
.
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mesh has 178368 nodes. The timestep for all three approaches is set at 1 s.
On the sea floor a no-normal flow condition is applied except where the slide motion
is prescribed. On the top surface of the domain the free surface boundary condition
(described in Section 3.2.3) is applied, but without mesh movement. The coastlines
have a free-slip no-normal boundary condition, reflecting the incoming waves and
preventing inundation. At the open boundaries surrounding the domain a ‘stress-
free’ condition is used that allows the waves to freely flow out of the domain. The
density of the water is 1000 kgm−3 and the kinematic viscosity tensor is isotropic
and set to 1 m2s−1.
4.7.2 Results and Discussion
For each simulation (the SM-RS-EV, SM-RS-SV and SM-DS-SV approaches) the
generated waves are compared to TSUNAMI3D (Horrillo et al., 2013) at 7 and 10
minutes after slide motion has initiated (Figures 4.13 and 4.14 respectively).
At 7 minutes there is a reduction in the maximum wave amplitude of about 50%
in both TSUNAMI3D and Fluidity’s SM-DS-SV approach in three dimensions com-
pared to the maximum wave amplitudes the models predict in two dimensions. In
three dimensions, there is a good match between the three Fluidity approaches and
TSUNAMI3D (Figure 4.13). TSUNAMI3D predicts maximum positive wave ampli-
tudes of 20 m and a minimum (trough) of -24 m, giving a peak to trough amplitude
of 44 m. At this time, the SM-RS-EV and SM-RS-SV approaches produce almost
identical wave forms to each other, predicting a maximum wave amplitude of 13 m
and a minimum (trough) of 36 m, giving a peak to trough amplitude of 49 m. This
suggests the estimated velocity profile used in the SM-RS-EV simulation is a very
good approximation to the centre of mass motion of the slide simulated using the
MM2FS approach for this scenario. The SM-DS-SV approach predicts maximum
wave amplitudes at this time of 16 m and a minimum (trough) of 21 m, giving a
peak to trough amplitude of 37 m. TSUNAMI3D’s peak-to-trough amplitude falls
within the range of Fluidity peak-trough amplitudes (35–49 m). At 7 minutes, the
best match to TSUNAMI3D in terms of maximum and minimum wave amplitude is
the SM-DS-SV approach. This is expected as TSUNAMI3D also treats the slide as
deformable, which allows the slide length to increase. The SM-RS-EV and SM-RS-
SV approaches produce lower maximum amplitude and lower trough because the
lack of slide deformation results in an underestimation of the wavelength.
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(a) SM-RS-EV (b) SM-RS-SV (c) SM-DS-SV
(d) Horrillo et al. (2013)
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transect through centre of the slide
Figure 4.13: Gulf of Mexico scenario, Wave heights 7 minutes after slide initiation
for (a) SM-RS-EV (b) SM-RS-SV (c) SM-DS-SV. (d) shows results from Horrillo
et al. (2013) for comparison. (e) shows the water elevation across the transect
shown in Figure 4.10, this is the midpoint of the width of the slide.
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(a) SM-RS-EV
(b) SM-RS-SV
(c) SM-DS-SV
(d) Horrillo et al. (2013)
Figure 4.14: Gulf of Mexico scenario, Wave heights 10 minutes after slide initiation
for (a) SM-RS-EV (b) SM-RS-SV and (c) SM-DS-SV. (d) shows results from
Horrillo et al. (2013) for comparison.
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At 10 minutes after slide motion has initiated there is still a qualitatively good match
between TSUNAMI3D and all Fluidity approaches. Although Horrillo et al. (2013)
do not give quantitative details of wave heights, the maximum wave amplitude in
TSUNAMI3D appears to be under 20 m (and the minimum wave amplitude greater
than -30 m). All Fluidity approaches produce a maximum wave amplitude of
12.5–13 m.
In TSUNAMI3D the maximum wave height occurred at 7 minutes and decreases
by 10 minutes. In Fluidity maximum wave heights are observed during the slide
acceleration phase at 8 m 28 s, 8 m 32 s, and 7 m 40 s for SM-RS-EV, SM-RS-SV
and SM-DS-SV approaches respectively, which is in agreement with TSUNAMI3D.
Over the course of the simulation, the SM-RS-EV approach predicts a maximum
wave amplitude that is 16 % lower than the maxium wave height that the SM-DS-SV
approach predicts.
Compared to TSUNAMI3D all approaches underestimate the maximum positive
wave amplitude, this could be due to the exclusion of the tangential applied stress
(skin friction drag) in these SM approaches, that was explored in section 4.5.2,
but this was not tested in three dimensions due to time constraints. Furthermore,
Horrillo et al. (2013) model the slide explicitly in a multi-material approach, which
therefore includes modelling of lateral spreading, whereas all approaches in Fluidity
include only fixed-width slides. If the slide material in TSUNAMI3D was directed
into a channel, and therefore the width was reduced, this could lead to increased
slide thickness over a smaller area and therefore increased wave heights compared to
the fixed width approaches used in Fluidity. Bathymetry maps indicate the present
of seamounts either slide of front of the submarine slide, these could inhibit lateral
spreading of the slide.
4.8 Conclusions
The SM-RS-EV (rigid slide, estimated velocity), SM-RS-SV (rigid slide, velocity of
slide’s centre of mass from MM2FS simulation) and SM-DS-SV (simulation where
slide’s deformation and dynamics have been extracted from an MM2FS simula-
tion) approaches have been applied to a submarine slide scenario in the Gulf of
Mexico. Smith et al. (2016) showed the MM2FS approach had good agreement to
TSUNAMI3D in two dimensions.
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In two dimensions, an SM-RS simulation with a constant velocity, in a domain
of constant depth (1000 m) gives a good match in wavelength and amplitude to
the analytical solution of Tinti and Bortolucci (2000a) for a slide thickness of 105
m. This approach has also already been successfully verified against Haugen et al.
(2005) by Hill et al. (2014).
The SM-DS-SV approach was compared to MM2FS simulations in two dimensions
and the SM-DS-SV approach produces a maximum wave amplitude 30–40% lower
than the MM2FS approach. It is unclear which approach is overestimating or un-
derestimating the wave amplitudes, since both approaches have been independently
verified (MM2FS to laboratory experiments and two numerical models (Chapter
3, Smith et al. (2016)), and SM-RS-EV to run-up heights inferred from tsunami
deposits of the storegga slide, an analytical solution (Chapter 4, Section 4.3) and
numerical models (Hill et al., 2014)). Several reasons for the discrepancy have been
explored and avenues for further investigation identified. The MM2FS approach
might overestimate wave amplitudes because of inaccuracies in the coupling between
the slide and water. In these simulations the relatively high values used for viscosity
(required for stability, discussed in Chapter 3), may amplify the transfer of velocity
from the slide to the water and lead to unrealistically high velocities present at the
water surface and increased wave amplitudes. Conversely, the SM-DS-SV approach
may also be underestimating the wave heights due to a lack of consideration of all
components of horizontal drag. The introduction of an applied stress proportional
to the square of the slide velocity is investigated, which improves the match between
the MM2FS and SM-DS-SV approaches. A more thorough investigation should be
carried out before attempting to implement Csf in three dimensions, because this
will require more than a single layer of elements and therefore add considerable
computational expense.
In two dimensions the different approaches available with SM are compared and
evaluated. The maximum wave amplitude generated by the SM-RS-EV approach
is approximately 13% less than the maximum wave amplitude generated by the
SM-DS-SV approach. The differences in the waves generated between the SM-RS
and SM-DS-SV approaches are attributed to slide deformation at shallower water
depths contributing to the wave generation in the SM-DS-SV approach. The findings
show the SM-RS-EV approach, which assumes a rigid slide, can be a good first-
order approximation for the generated waves, if the assumed velocity profile of the
slide is well-constrained in terms of initial acceleration and maximum velocity. The
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rationale for estimating this maximum velocity makes several assumptions that are
reasonable in most scenarios: bottom drag is considered negligible, the water above
the slide is stationary (this may not be a reasonable assumption is if the slide is
situated at particularly shallow depths and large waves are generated), and the
value for friction is taken from Harbitz (1992) (Mouradian et al., 2016). It should
be noted that without first running a MM2FS simulation it would not be possible to
ascertain that the SM-RS-EV approach provides a good approximation to the SM-
DS-SV approach. Therefore, since an MM2FS simulation would be initially required
in two dimensions in most cases, an SM-DS-SV simulation which uses extracted
information may as well be used. Furthermore, a combination of the MM2FS and
SM-DS-SV approaches may not be sufficient if there are significant lateral variations
in bathymetry from the two-dimensional slice used in the MM2FS simulation. This
will be the case if there are significant valleys, channels or ridges a short distance
away from the transect location. Such bathymetric features could alter the direction,
velocity and geometry of the submarine slide enough to affect the wave generation.
In these cases a three-dimensional MM2FS simulation would be required.
Two different velocity profiles have been extracted from the MM2FS approach to
prescribe the motion of the rigid slide in the SM-RS-SV approach, one is the velocity
of the front of the slide and the other is the velocity of the centre of mass of the slide.
Results show using the velocity of the front of the slide in the MM2FS approach
in the SM-RS-SV approach underestimates the initial acceleration of the slide and
therefore the wave amplitudes are also underestimated. This is because in this
scenario in the Gulf of Mexico, the front of the slide is on a shallower incline than
the rest of the slide, and sections along the slide do not all move at the same
speed according to local gradients. Therefore, using the movement of the front of
the deformable slide to prescribe the rigid block motion results in inaccurate wave
heights. Instead it has been found that the movement of the slide’s centre of mass is
a better approximation to slide motion and generates waves that closer match those
generated by the SM-DS-SV approach. In all future SM-RS-SV simulations in this
thesis, the velocity of the centre of mass of the slide will be used.
In three dimensions the SM-RS-EV, SM-RS-SV and SM-DS-SV approaches are
compared to each other and a three-dimensional tsunami simulation that used
TSUNAMI3D in Horrillo et al. (2013). The discrepancy in wave heights between the
SM-DS-SV approach and the multi-material approach (in this case TSUNAMI3D)
is seen again in three dimensions. In three dimensions the SM-RS-EV approach,
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which assumes a constant slope based on the start and end depths of the slide, is a
very good approximation for the waves produced by the SM-RS-SV approach. There
is a good match between both these approaches and the SM-DS-SV approach; the
maximum wave amplitude predicted by the SM-RS-EV approach is approximately
16% less than the maximum wave amplitude in the SM-DS-SV approach. Due to
computational limitations only single layer three–dimensional simulations are con-
sidered. A priority for future work should be to look at the effect on the waves of
the number of layers in three dimensions, this will also enable the additional con-
sideration of using an applied stress to account for skin friction drag, which requires
several layers of elements to resolve the resulting effect on the water velocity.
In summary, this chapter presents a computationally efficient approach to the mod-
elling of submarine slide tsunami in three dimensions by using the output of a
two-dimensional, multiple material simulation to drive a three-dimensional, single
material model for wave propagation. For this scenario there is a good match be-
tween the SM-RS-EV approach results and the combination of an MM2FS simulation
in two dimensions and a SM-DS-SV simulation in three dimensions. However, the
SM-RS-EV approach may not provide such an accurate result in different scenarios
and this will depend on the accuracy of the assumptions used in the rationale. There
are differences between the generated waves by the SM-RS-EV and SM-DS-SV ap-
proaches, the most accurate wavelength and wave amplitude can only be obtained
using the SM-DS-SV approach. In three dimensions, all SM approaches took ap-
proximately 600 hours of cpu time to compute 10 minutes of simulation time. In
two dimensions, the MM2FS approach took approximately 36 hours of cpu time
to compute 10 minutes of simulation time. Therefore this supports the use of the
more accurate SM-DS-SV approach as there is no great increase in computational
expense to obtain higher accuracy. However, for longer simulation times there may
be a greater difference between the SM-RS-EV and SM-DS-SV approaches, this will
be explored further in the next chapter.
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Chapter
FIVE
Submarine slide-tsunami in the
regional seas of the British Isles:
The importance of slide dynamics,
deformation and direction
5.1 Introduction
The methodology successfully tested in Chapter 4 to simulate a submarine slide in
the Gulf of Mexico is applied to two hypothetical scenarios in the Rockall Trough and
Bank, at the conjunction of the Scottish continental slope and the Atlantic Ocean.
These scenarios were chosen due to their comparable size to the slide modelled in
the Gulf of Mexico, and their proximity to the British Isles. The propagation of
waves from these scenarios is modelled towards the coast of the UK and Ireland.
The SM-RS-EV, SM-RS-SV-COM and SM-DS-SV approaches are used to simulate
the generation of tsunami waves for each case. The wave propagation is also mod-
elled and the importance of slide deformation, dynamics and direction on the the
generated wave train are investigated.
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5.1.1 Tsunami Hazard to the UK and Irish Coasts
In the wake of the 2004 Indian Ocean tsunami, DEFRA commissioned a report into
the threat posed by tsunami to the UK (Kerridge and Richardson, 2005). The report
identified several potential threats to the UK from tsunami, of ranging probability
and intensity. This list of identified threats comprised:
• UK Coastal Waters – seismically triggered and slide triggered events. They
conclude that a small event in the North Sea is possible but unlikely.
• NW European continental slope – seismically triggered and slide triggered
events. e.g. Storegga and other historical slides. They conclude that these
pose ‘probably the most significant tsunami threat for the UK’.
• Plate boundary area west of Gibraltar – e.g Lisbon tsunami, 1755; which
generated 3 m waves on the south coast of England. They conclude the UK
consequences would not be severe.
• Canary Islands – flank collapse of a volcano into the ocean during an eruption.
They conclude an event of this type would only be of local concern. However,
Løvholt et al. (2008) carried out numerical simulations of an event of this
type and significant waves reaches across the Atlantic and to the shores of the
British Isles.
• Mid-Atlantic Ridge – submarine volcanism. They conclude there is effectively
zero risk.
• Eastern North America continental slope – seismically triggered and slide trig-
gered events e.g. the Grand Banks event. They conclude there would be
insignificant effects in the UK.
• Caribbean – they conclude effects confined to Caribbean.
Kerridge and Richardson (2005) identify the western edge of the Celtic Sea as a
likely location for a large earthquake (using Sykes (1978)’s findings that intraplate
seismicity tends to occur along pre-existing zones of weakness (e.g faults) that are
aligned sub–parallel to the present continental margin). If a tsunamigenic earth-
quake occurred here, they predict the effects would be noticed in southern Ireland
and the Bristol Channel. A scenario such as this might explain why, in January
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1607, the Bristol Channel suffered severe inundation and flooding, with damage to
many villages over a widespread area. The cause of this flooding has been a topic
of debate, with the evidence being interpreted as either a tsunami or a storm surge
(Bryant and Haslett, 2002; Horsburgh and Horritt, 2006). However, with stormy
weather conditions being reported across the UK at that time, it appears likely this
was due to a storm surge (Kerridge and Richardson, 2005; Long, 2015).
For the North-West European shelf, the continental slope was identified as a poten-
tial source of hazard, although the occurrence of a large earthquake was considered
rare, but possible. Kerridge and Richardson (2005) notes that on the continental
slope to the South West of the UK, the slope is steeper, though there are no glacial
deposits. Sediment movement does occur in that area but on a scale too small to
initiate a tsunami. If a slide does occur and is tsunamigenic, it poses a threat to the
UK and other coastlines on the North West European shelf (Kerridge and Richard-
son, 2005). Historical slides on the North West European continental margin are
highlighted in Figure 5.1.
For the remainder of the DEFRA report (Kerridge and Richardson, 2005), some
tsunami propagation model scenarios are reported on, focusing on four potential
source origins for tsunami seismically generated off the coast of Portugal, in the
North Sea, at La Palma, Canary Islands, and in the western Celtic Sea. The threat
of another Storegga–like event is considered to be “probably the most significant
tsunami threat for the UK”. Despite this, a tsunamigenic submarine slide on the
Norwegian continental slope is not modelled or considered. The report concludes
the most credible source for a strong, potentially damaging tsunami is from an
abnormally large earthquake in UK waters, or an earthquake that caused slope
failure and a resulting tsunami in the North Sea or off the coast of Norway. But it
is emphasised that these events are very low probability.
A follow up DEFRA report into tsunami hazard to the UK and Irish coasts consid-
ered the difference in coastal impact between tsunami type events and storm surge
waves (Richardson et al., 2007), and related papers (Richardson et al., 2006; Hors-
burgh et al., 2008) only considered the impact on the South West of England of a
modern equivalent to the 1755 Lisbon earthquake generated tsunami event. Events
of this kind do not have the potential to generate tsunami at the UK coasts as
large as submarine slides could generate in this region. However, they occur more
frequently (Long, 2015).
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Figure 5.1: Map of slides on the NW European continental margin (Kerridge and
Richardson, 2005).
More recently, Salmanidou et al. (2015) modelled a series of submarine slides on
the Rockall Bank, 400 km North-West of the Ireland in the North-East Atlantic
Ocean. A range of slide volumes (265–765 km3) and slide rheological properties were
modelled, in order to replicate slide deposits. The wave pattern is found to mimic
the shape of the continental margin, and a brief description is given of maximum
wave amplitudes expected at the Irish coast: between 13–32.5 m depending on the
slide rheology (Salmanidou et al., 2015). Since there appears to be a high sensitivity
of wave height to the slide rheology, further research to constrain slide rheology and
further numerical investigations are recommended.
Horsburgh et al. (2008) investigated the impact on the UK of a seismologically
generated tsunami event similar to the 1755 Lisbon event, of which there are reports
of 3 m high waves reaching the UK coast (Borlase, 1755). The study considered six
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different initial conditions to represent a range for different earthquake magnitudes
and fault orientations. Waves were modelled from the source region towards the
UK. However, no submarine slide scenarios were considered. Historically submarine
slide tsunami events in the Nordic Seas were though to be infrequent with respect to
human history (Horsburgh et al., 2008), therefore submarine slides and tsunami are
not currently considered on the UK National Risk Register. The UK National Risk
Register assesses risks and impacts of civil emergencies that are considered to have a
probability of occurrence of greater than 1 in 20,000, in the next five years (i.e. a 1 in
100,000 year recurrence) in order so that the government and emergency responders
can plan to prepare for and respond to them. Recent evidence suggests submarine
slide tsunami events have occurred more frequently that previously thought, multiple
times per glacial cycle. Events of this frequency are of greater interest and relevance
to the UK risk register, and therefore it is important to quantify the submarine slide
tsunami hazard.
Berndt et al. (2009) modelled tsunami propagation from a hypothetical submarine
slide in the Fram Strait, on the west coast of Svalbard. Predicted wave heights for
the Shetland Islands were on the order of 1–2 m for different slide failure scenarios,
and waves reaching mainland Scotland were on the order of 1 m or less.
The impact of the Storegga Slide has been investigated using numerical models by
Harbitz (1992); Ward (2001); Løvholt et al. (2005); Bondevik et al. (2005a); Gauer
et al. (2005) and (Hill et al., 2014). Each study is summarised Table 5.1. Most
studies agree that waves between 2–6 m reached the north-east coast of the UK,
with significantly higher waves expected at the Shetland Islands.
Table 5.1: Simulations of the Storegga Slide
Reference Model
type
Model
dimensions
Slide model Velocity Notes
Harbitz (1992) SW 3D Rigid Prescribed parabolic slide velocity pro-
files
Ward (2001) Linear
wave
theory
3D Rigid Fixed speeds
of 25 ms−1, 35
ms−1
Løvholt et al.
(2005)
SW 3D Rigid and
retrogressive
Prescribed, run
out distance 150
km
Bondevik et al.
(2005a)
SW 2D & 3D Rigid and
retrogressive
Prescribed,
Vmax = 25–30
ms−1
Compared to field observa-
tions
Gauer et al. (2005) CFX4.3
(1999)
2D Deformable,
Bingham fluid
Simulated
Hill et al. (2014) Navier-
Stokes
2D & 3D Rigid Prescribed Used paleobathymetry and
improved match to deposits
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There have been several studies of the Storegga Slide and a number of other slides
in the Nordic Seas. Seperate studies have considered tsunami hazard to the UK
and Irish coasts, however, most of the studies have not considered submarine-slide
tsunami impacting to the British Isles before, despite the research into the Storegga
Slide, and the acknowledged risk for a similar event in the future (Bugge et al.,
1988; Dawson et al., 1988; Harbitz, 1992; Bryn et al., 2003; Haflidason et al., 2004;
Smith et al., 2004). At the time of these studies, submarine slides were considered
to occur too infrequently on human timescales (i.e. 1 in 100,000 years). Recent
evidence suggests relatively small submarine slide events occur more frequently and
still have the ability to generate significant tsunami (Dawson et al., 2006). Therefore
submarine slide tsunami proximal to the British Isles should be more thoroughly
investigated. This could influence a decision on whether to include the hazard from
submarine slide tsunami on the UK Risk Register.
5.1.2 Slide localities
Two hypothetical submarine slide events at the continental margin west of Scotland
and Ireland, on the edge of the Atlantic Ocean, were simulated in two and three-
dimensional models. These locations were identified as having the potential to fail
in the future, based on sedimentological evidence of historic slides, evidence of high
sedimentation rates, and because of their proximity to the UK. The two slides occur
on either side of the Rockall Trough basin (seen in Figure 5.2). The Peach Slide
Complex is found on the eastern slope of the trough, on the Barra Fan, and the
Rockall Bank slide scenario occurs on the opposite slope on the trough, on the
western side. Several other locations in the Norwegian-Greenland Sea were also
identified as having the potential to fail, and these have been modelled using SM-
RS-EV in a wider study of the hazard to the UK from submarine slide tsunami by
Mouradian et al. (2016).
Scenario 1, named Rockall Bank, is based the occurrence of a past failure on the
eastern flank (Roberts, 1972; Georgiopoulou et al., 2013). Volumes of submarine
slides in this area are not well constrained. A slide volume of 100 km3 is modelled
here to be consistent with Mouradian et al. (2016). Previous slides have an estimated
total run-out distance of the slide is 100 kmand the bearing of the slide motion was
110◦. The headwall is located at 57◦10’16.95” N, 13◦15’13.86” E.
Scenario 2, named Peach Slide, is located on the Barra-Donegal Fan. Previous slides
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Figure 5.2: Map of British Isles with locations of Rockall Bank and Peach Slides,
with arrows indicating directions of failure. Important bathymetric features are
labelled. Red dots show locations of some of the numerical wave gauges to be
considered later.
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in this area form a slide complex with slide volumes ranging from 135–673 km3. The
Peach Slide Complex shows evidence of about four separate submarine slide events
(Holmes et al., 1998). Therefore, in this chapter, a slide of 100 km3 is modelled.
Previous slides have an estimated total run-out distance of 100±20 kmand bearing
of slide motion as 250◦. The headwall is located at 56◦45’10.79” N, 9◦08’26.50” E.
The two slides have motions in approximately opposite directions. This will allow the
effect of slide direction on the waves generated to be established. Failure volumes of
100 km3 are considered to be mid-range volumes not “worse case” scenarios. Another
reason for modelling slides of this size is to test SM-DS-SV for a larger slide than
the Gulf of Mexico scenario (30 km3), with the view to eventually simulate slides as
large as Storegga (3200 km3).
5.1.3 Estimated slide dimensions in three dimensions
The dimensions of the hypothetical slide scenarios considered in this chapter must
be estimated. The rationale for estimating slide dimensions is described in full in
Mouradian et al. (2016) and is based on the previous work of Harbitz (1992), Løvholt
et al. (2005) and Hill et al. (2014). In the model, the slide thickness hs is defined
as:
hs =

hmax
(
exp− (2(x′+S+L
S
)4)− (2y′
B
)4
)
for− (L+ 2S) < x′ < −(L+ S)
hmax
(
exp− (2y′
B
)4)
)
for− (L+ S) 6 x′ < −S
hmax
(
exp− (2(x′+S
S
)4)− (2y′
B
)4)
)
for− S 6 x′ < 0
(5.1)
where the slide has dimensions of maximum height, hmax, length, L, and width, B.
A smoothing length, S, is used along the edges of the slide to avoid sharp edges,
which give rise to numerical oscillations, as described in Harbitz (1992). x′ and y′
are the transverse and longitudinal coordinates, respectively, on a local plane aligned
in the direction of slide motion ϕ:
x′ = (x− xs)cosϕ+ (y − ys)sinϕ (5.2a)
and
y′ = (x− xs)sinϕ+ (y − ys)cosϕ (5.3a)
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where xs and ys are the coordinated of the back of the slide, and x and y are
the model coordinates in the Universal Transverse Mercator projection (UTM zone
30N).
Figure 5.3: Shape of rigid slide (exaggerated vertically) used in SM-RS-EV in three
dimensions (adapted from Mouradian et al. (2016)), as described by equation
5.1.
This gives a total volume of the slide, V:
V = 0.9Bhmax(L+ 0.9S), (Harbitz, 1992). (5.4a)
Values for V , L, S, B and hmax are determined using the slide scaling law devised
by Mouradian et al. (2016) which is based on four principles:
1. a desired slide volume, V
2. S, the smoothing/tapering length is defined as L/2
3. a relationship between V and B determined from Mouradian et al. (2016) and
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Hu¨hnerbach and Masson (2004):
V = 0.0335×B2.373 (R2 = 0.9) (5.5)
4. a relationship between L and B determined from Mouradian et al. (2016) and
Hu¨hnerbach and Masson (2004):
(L+ 2S) = 1.377×B−1.11 (R2 = 0.9) (5.6)
where R2 is a measure of how well the line of best fit fits the observational data.
The relationships are depicted in Figure 5.4; the green dot indicates the dimensions
of the two slides in this chapter, and the red dot the dimensions of the slide in the
Gulf of Mexico from Chapter 4. Using equation 5.4, hmax can also be determined.
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Figure 5.4: Relationship between log(slide length) and log(slide width), and
log(slide volume) and log(slide width), adapted from Hu¨hnerbach and Mas-
son (2004) and Mouradian et al. (2016). The red dot indicates the dimensions
of the slide in the Gulf of Mexico, and the green dot the dimensions of the two
slides in this chapter.
Hu¨hnerbach and Masson (2004) analysed a comprehensive collection of submarine
slope failures to establish possible relationships between slide parameters (length,
width, area, volume, slope angle, height, headwall height, water depth). Corre-
lations were established between slope failures parameters in the North Atlantic
Ocean. Amongst the findings were correlations between dimensions of the slide and
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water depth, correlations between slide length and width, and area and volume.
Headwall height was also found to correlate with thickness of the failed section. The
relationships are utilised to predict plausible slide dimensions for a desired subma-
rine slide volume by fitting lines of best fit through each set of data. (This includes
data from the east and west Atlantic Ocean, not just the area of interest in this
work.) By calculating the equation of the lines of best fit, this gives one equation
that relates slide volume to width (Equation 5.5), and another equation that relates
slide length to width (Equation 5.6).
5.2 Two dimensional simulations for Atlantic Ocean
scenarios
5.2.1 Set-up for MM2FS simulations
The MM2FS approach (Section 3.2.3) is used to model the Rockall Bank and Peach
Slides in two dimensions, modelling the slide and water as viscous fluids. Both two-
dimensional slide geometries are determined from a three-dimensional volume of 100
km3, and the slide scaling relationships described in Section 5.1.3. For consistency
with Mouradian et al. (2016), the dimensions of the slides fit on the lines of best fit
in Figure 5.4, resulting in a slide length of 58 km and a maximum slide thickness of
91 m (this agrees with estimated headscarp heights from Georgiopoulou et al., 2013
of 50–150 m). These are the same dimensions as will be used in three dimensions,
except the slide width is omitted.
A two-dimensional transect is taken, depicted in Figure 5.2. The two-dimensional
meshes used to model the scenarios were of non-uniform but fixed resolution (Figure
5.5). The horizontal resolution ranged from 100–1000 m for the Rockall Bank sim-
ulation, and from 100–10000 m in the Peach Slide simulation. Fine resolution was
restricted to the area where the slide is present, and coarse resolution was only used
at locations in the domain the slide was not predicted to enter. The larger coarse
resolution was possible in the Peach Slide mesh because the slide motion covers a
smaller area of the domain. For the Rockall Bank mesh, the vertical resolution was
10 m to a depth of 20 m at the water surface, and in the bottom 600 m of the
water column, to cover the height of the slide. Elsewhere the vertical resolution
was gradually increased to 100 m. For the Peach Slide mesh, the vertical resolution
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was 10 m to a depth of 20 m at the water surface, and in the bottom 400 m of
the water column, to cover the height of the slide. Elsewhere the resolution was
gradually increased to 250 m. The mesh for Rockall Bank extended for 450 km in
the horizontal and had 2653 nodes. The mesh for the Peach Slide extended for 320
km in the horizontal and had 2984 nodes. More elements are needed for the Peach
Slide scenario because there is a larger maximum slide thickness. The maximum
water depth in each scenario is approximately 2400 m.
Figure 5.5: Section of Rockall Mesh (top) containing 2653 nodes and Peach Slide
Mesh (bottom) containing 2984 nodes. There is a vertical exaggeration of ×10
.
The initial densities of the water and slide are 1000 kgm−3 and 2000 kgm−3 respec-
tively, based on Chapter 3. The values for dynamic viscosity, in the horizontal and
vertical respectively are set as 106 kgm−1s−1 and 103 kgm−1s−1 for water, and 107
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kgm−1s−1 and 103 kgm−1s−1 for the slide. Viscosity values incorporate both the
physical viscosity and the turbulent viscosity. These ‘eddy’ viscosity values were
selected in order to dampen any instabilities at the interface between water and
slide, whilst being low enough to have a negligible effect on the overall motion of the
slide. The meshes used in this work employ elements with a high aspect ratio; i.e.,
with a far larger element edge length in the horizontal direction than the vertical
direction; anisotropic values for ‘eddy’ viscosity are often required for simulations
on such meshes.
5.2.2 Results: MM2FS and SM-DS-SV
The position of the slide’s centre of mass through time was extracted and the slide
velocity and acceleration were calculated (Figure 5.6). These are then used within
a SM-RS-SV approach simulation. The initial acceleration is around ∼0.1 ms−2.
At regular time intervals the shape of the slide is also extracted by recording the
thickness of the slide above the bathymetry at every column of nodes in the mesh.
This is used for the SM-DS-SV simulations.
The Froude number (ratio of the speed of the slide to the speed of propagation of
the wave) of slide’s centre of mass is subcritical (Fr <<1) in both scenarios, the
maximum Froude number of Rockall Bank slide is ∼0.32 and ∼0.37 for Peach Slide.
Both slides have a peak velocity and Froude number at around 700 seconds, after
this the Froude number starts to decrease and this corresponds to the movement of
the slide into deeper water where the wave speed is higher.
In both cases the distribution of slide deformation is highly dependent on the
bathymetry, and the variation in bathymetry over which the slide moves. The
deformation of the slide can be divided into two parts, material builds up in the
head of the slide, whilst there is also another shift in material seen in the thicker
part of the slide at the back, this material also starts to move down slope. During
the initial stages of deformation peaks and troughs in slide thickness are produced,
and these align with the sections of bathymetry where a steep part is followed by
a shallower part (minima of blue line in top of Figures 5.7 and 5.8). However, this
style of deformation is probably very sensitive to the rheology of the slide. Here, the
slide is treated as a viscous fluid which may be an oversimplification. This means
that sections of the slide resting on a steeper gradient to the rest will fail at a faster
rate and the slide shape will deform quicker. This leads to local thickening and
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Figure 5.6: Displacement (top), velocity (middle) and acceleration (bottom) pro-
files for the the centre of mass of submarine slides at Rockall Bank (blue) and
Peach Slide (green), from MM2FS simulations. The profiles are similar due to
similar bathymetry.
thinning of the slide, in addition to the build-up of material in the slide head.
For the Rockall Bank slide, eventually the bulk of the slide material builds-up at the
front of the slide, forming a ∼350 m maximum slide thickness driving the downslope
motion. The steep slide front gradually diminishes and the slide length increases as
the bathymetry levels out at the bottom of the Rockall Trough. It is not clear if
such steep slide fronts occur in reality and this may partly be due to the compressive
advection scheme the MM2FS approach uses to ensure a sharp boundary between
materials.
When the Peach Slide deforms, there appear to be four separate sections of high
local slide thickness that occur without significant movement of the front or back of
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Figure 5.7: Change in thickness and position of a two-dimensional submarine slide
at Rockall Bank from MM2FS simulation. Top panel shows the gradient of the
bathymetry.
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Figure 5.8: Change in thickness and position of a two-dimensional submarine slide
at Peach Slide from MM2FS simulation. Top panel shows the gradient of the
bathymetry.
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the slide. By 15 mins, the thickest part of the slide is at the front and the thickness
reaches in excess of 350 m. Subsequently, this slide front gradually diminishes in
amplitude as the slide spreads out in the direction of motion. The forward motion
of the slide is limited by the shallowing of bathymetry on the opposite side of the
Rockall Trough (similar to the Rockall Bank scenario).
Figures 5.9 and 5.10 show simultaneous slide deformation and wave generation for
each scenario, demonstrating that the main wave is initially produced by the defor-
mation near the back of the slide, where there is a steep gradient in bathymetry and
the water depth is shallower. At 400 seconds the wave starts to move away from the
slide, and the amplitude no longer increases. The maximum wave amplitude at this
point is approximately 50 m. After this, any increases in the maximum wave am-
plitude are attributed to the wave shoaling as it travels over continuously shallower
bathymetry. Oscillations in the slide thickness are translated up to the water over-
laying the slide and a wave trough is tied to the area of high slide thickness at the
front of the slide. The initial slide deformation also generates a negative amplitude
wave which quickly detaches from the slide and travels in the upslope direction.
To further understand the motion of the submarine slides, slide Figure 5.11 shows
how the magnitude of the fluid velocity within the Rockall Bank slide and surround-
ing water varies throughout time. Initially the highest velocities (red in colour) are
seen in the middle of the slide, over a section of relatively steep bathymetry. By
300 seconds this section has accelerated downslope, and in addition the front of the
slide starts to move. It is not until 700–800 seconds that the front of the slide is
moving faster than other sections of the slide and a steep slide front is produced.
At this time there is also high water velocity directly above the slide, with the wave
coupled to the slide. The slide is continuously feeding wave build up as it moves
along the sea floor. This figure shows that the movement of the slide front does
not contribute to wave generation in this case, it is the failure of part of the slide
in shallower water that has the highest initial acceleration and dominates the wave
generation process. Velocities in this area peak at almost 90 ms−1, although these
high velocities are not reached over the full length of the slide.
To investigate the tsunami amplitude dependence on volume (cross–sectional area),
and having established that in this scenario the wave generation is dominated by
deformation at the back on the slide, two-dimensional MM2FS simulations were
re-run without the front portions of the submarine slide. The green line in Figure
5.12a, shows the initial slide profile with the front 12 km of slide removed, the red
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(a) 10 seconds (b) 200 seconds
(c) 400 seconds (d) 800 seconds
(e) 1000 seconds (f) 1500 seconds
Figure 5.9: Slide thickness (blue) and wave height (green) for two-dimensional
submarine slide at Rockall Bank, extracted from MM2FS simulation. Both are
vertically exaggerated on different scales.
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(a) 10 seconds (b) 200 seconds
(c) 400 seconds (d) 800 seconds
(e) 1000 seconds (f) 1500 seconds
Figure 5.10: Slide thickness (blue) and wave height (green) for two-dimensional
submarine slide at Peach Slide, extracted from MM2FS simulation. Both are
vertically exaggerated on different scales.
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(b) 100 seconds
(c) 200 seconds
(d) 300 seconds
(e) 400 seconds
(f) 500 seconds
(g) 600 seconds
(h) 700 seconds
(i) 800 seconds
(j) 900 seconds
(k) 1000 seconds
Figure 5.11: Plot showing fluid velocity through time in the Rockall Bank scenario.
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line has the front 20 km of slide removed, this reduces the cross–sectional area (and
volume) to 83% and 71% of the original slide, respectively. The initial loss of 17%
slide volume results in only an 8% reduction in maximum wave amplitude (at 16.5
mins (990 seconds)). A reduction in 29% of the slide volume leads to a 29% reduction
in maximum wave amplitude at this time. This results indicate there is not a direct
correlation between slide volume and generated wave amplitude. Rather there is a
more complex relationship between the resulting wave amplitude, the distribution
of slide volume with depth along the bathymetry, and the variation in slope.
5.2.3 Comparison of waves generated by SM-DS-SV against
MM2FS in two dimensions
When the SM-DS-SV approach is applied to these two scenarios, there is a good
match to the overall shape of the wave and waveform resulting from the MM2FS
simulation (Figure 5.13). As with the slide in the Gulf of Mexico, there is a discrep-
ancy of about 35% in each case between the MM2FS and SM-DS-SV approaches in
two dimensions. The reasons for this have been discussed in Chapter 4. Since both
models have been compared against other numerical models and either laboratory
data or sedimentological data, it is not clear which overestimates and which under-
estimates. Future work should address the causes of this by investigating increased
skin friction, as the slide itself is not modelled in SM simulations, only the effect of
the slide on the water.
5.3 Three dimensional simulations for Atlantic Ocean
scenarios: SM-RS-EV, SM–RS-SV-COM and
SM-DS-SV approaches
5.3.1 Set-up
To fully quantify the importance of slide deformation and dynamics, it is important
to study wave generation and propagation in three dimensions. Wave modelling in
three dimensions accounts for geometric spreading, interaction with the coastlines
and the consideration of directionality. The two slide scenarios in the previous
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Figure 5.13: Wave heights recorded at a wave gauge 100 km from the left of the
domain for Rockall Bank (top) and Peach (bottom) submarine slides for the
MM2FS (blue line) and SM-DS-SV (green line) approaches.
section are extended into three dimensions, using a slide width of 29.1 km, which
was determined by the scaling laws for slide dimensions discussed in Section 5.1.2 and
set out in Table 5.2. Each of the SM-RS-EV, SM-RS-SV and SM-DS-SV approaches
are applied to each slide scenario, using the same methodology described in Section
4.6.1. The velocity profiles for the SM-RS-EV and SM-RS-SV approaches are shown
in Figure 5.14.
Table 5.2: Parameters for three dimensional SM-RS-EV simulations
Slide
name
Long,
Lat of
headwall
Run-out
distance
(km)
HeadingE slope Maximum
velocity
(m/s)
Volume
(km3)
Slide
thickess
(m)
L,S,Width
(km)
Peach
Barra-
Donegal
9:08:26.50W,
56:45:10.79N
58 170 2.0 71 100 91 29,14.5,29.1
Rockall
Bank
13:15:13.86W,
57:10:16.95N
58 340 2.2 74.1 100 91 29,14.5,29.1
The three dimensional domains have maximum extents at ∼49◦N, ∼70◦N, ∼13◦E,
∼30◦W. Meshes were generated using QGIS software (QGIS Development Team,
2009) and Gmsh The spatial resolution at the coastlines of interest is 0.5 km, and
1 km at other coastlines, the resolution is linearly increased to 50 km furthest from
the coastline. In the initial location of the submarine slide the spatial resolution is 2
km within a 80 km radius of the slide. Resolution is also higher in shallow regions,
and coarser in regions of deep ocean. This is specified during mesh generation by
varying the required resolution according to the square root of the bathymetry and
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Figure 5.14: Slide centre of mass velocity profiles for Rockall Bank (black) and
Peach Slides (red) and estimated slide velocity profiles for Rockall bank (blue)
and Peach Slides (purple).
the gradient of bathymetry. Combining these constraints on spatial mesh resolution
results in mesh elements that have typical maximum edge lengths of 35 km. The
mesh is composed of triangular elements across a two-dimensional surface and is
extruded down radially to the depth of the bathymetry, with a single layer of el-
ements, making this a depth averaged approach. Bathymetric data was obtained
from the GEBCO 250 (IOC, 2008) dataset. The coastline is represented by the 0 m
contour extracted from the GEBCO 250 dataset (IOC, 2008). The meshes for the
Rockall Bank (Figure 5.15) and Peach Slide (Figure 5.16) have 151892 and 150257
nodes, respectively. The timestep for the SM-RS-EV approach is 3 s, and for the
SM-RS-SV approach and for the SM-DS-SV approach the timestep is 1 s. There
is a negligible difference in the resultant waves of the SM-RS-EV approach using a
timestep of 1 s and 3 s. However for the SM-DS-SV and SM-RS-SV approaches,
a smaller timestep of 1 s is required to ensure stability due to sharper changes in
vertical velocity across shorter length scales compared to the smoothed rigid slide.
On the sea floor a no-normal flow condition is applied except where the slide motion
is prescribed. On the top surface of the domain the free surface boundary condition
(described in Section 3.2.3) is applied, but without mesh movement. The coastlines
have a free-slip no-normal boundary condition, reflecting the incoming waves and
preventing inundation. There is a minimum depth in simulations of 10 m, meaning
that shoaling at depths less than 10 m, very near to the coastlines, and inundation are
not captured in the model, resulting in a potential underestimation of wave heights.
These restrictions means wave amplitudes reported at the coastlines will be less
than expected wave amplitudes on land, as the waves are not subject to the final
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shoalling that occurs. This limitation is addressed in Section 5.4 through estimation
of shoalling amplification. At the open boundaries surrounding the domain a ‘stress-
free’ condition is used that allows the waves to freely flow out of the domain. The
density of the water is 1000 kgm−3 and the kinematic viscosity tensor is isotropic
and set to 1 m2s−1.
Several numerical wave gauges are placed in the domain to measure the variation of
fields (including free surface height and velocities) at specific geographic locations;
e.g., between the slide and the coastlines of Ireland, Northern Ireland and Scotland
(Figure 5.2), and located radially around the slide locations and the UK coast.
5.3.2 Results
Simulations were run in parallel for a total simulation time of 240 hours. The SM-
RS-EV approach took approximately 4000–4500 cpu hours, the SM-RS-SV approach
took about 1.5 times as long, at 6500 cpu hours and the SM-DS-SV approach took
approximately 4 times as long as the SM-RS-EV approach at 18000 cpu hours. This
is mostly due to the smaller timestep needed in the SM-DS-SV approach and the
more complex velocity patterns present in the SM-RS-SV and SM-DS-SV approaches
compared to the SM-RS-EV approach. The SM-DS-SV approach also required ad-
ditional input files and interpolations of the slide shape in space and time, adding
additional overhead. Throughout the simulations maximum wave amplitudes reach
between 16 and 26 m in the wave generation region. However, for the majority of the
domain wave amplitudes are less than 10 m (Figure 5.17). This is a 30–57% decrease
in maximum wave amplitude compared to the two-dimensional SM-DS-SV simula-
tions (Figure 5.13) and is due to the radial spreading of the wave energy in three
dimensions. Furthermore, the two-dimensional simulations are situated in the wave
generation zone, where the tsunami wave amplitudes are largest. In this section, the
wave generation and propagation are described for each scenario, then the hazard
along the coastline investigated, followed by a comparison of model approaches.
5.3.2.1 Wave generation and propagation
Wave heights through time generated by the SM-RS-EV and SM-DS-SV approaches
for the Rockall Bank slide (Figures 5.18, 5.19, 5.20) and Peach Slide (Figures 5.21,
5.22, 5.23) scenarios are presented. Waves propagate from the generation zone and
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Figure 5.15: Mesh for Rockall Bank simulations containing 151892 nodes. The
minimum edge length is 0.5 km and the maximum edge length is 50 km.
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Figure 5.16: Mesh for Peach Slide simulations containing 150257 nodes. The
minimum edge length is 0.5 km and the maximum edge length is 50 km.
.
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(a) Rockall Bank, SM-RS-EV (b) Rockall Bank, SM-DS-SV
(c) Peach Slide, SM-RS-EV (d) Peach Slide, SM-DS-SV
Figure 5.17: Maximum Water Elevation in first 4 hours and 15 mins after slide
initiation for Rockall Bank Slide (top) and Peach Slide (bottom). Blue contours
show first wave arrival times for 10, 20, 30, 60, 90, 120, 150, 180, 210, 240
minutes.
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their amplitudes decay with increasing distance because of geometric spreading and
dispersion. As the waves propagate they are diffracted around various seamounts,
and later on, refracted around the Outer Hebrides. These wave processes create
constructive and deconstructive wave interference. The waves undergo shoaling on
the continental slope and the slope of Rockall Bank, leading to a decrease in wave-
length and wave speed, and an increase in wave amplitudes. Following shoaling,
both waves decay in amplitude whilst travelling over the continental shelf and con-
sequently waves between 1–10 m in amplitude reach just offshore the coast of the
British Isles (Figure 5.17). Further afield, waves greater than 1 m in amplitude
reach the coast of Iceland and the Faroe Islands for both scenarios (Figure 5.17).
N.B. The scales for wave amplitudes in Figures 5.18 – 5.23 are capped at ± 1 m.
For the Rockall Bank scenario, waves hit the UK continental slope at ∼30 mins and
undergo shoaling (Figures 5.18 and 5.21). Waves reach land around 1 hour after the
initiation of slide motion, at the coast of County Mayo in the west of Ireland, and
at the uninhabited island of Hirta (St. Kilda), the westmost island of the Outer
Hebrides off the coast of Scotland (Figure 5.19). Waves reach the coast of County
Donegal, Ireland and Barra, a southern island of the Outer Hebrides, after 1 hr 20
mins (Figure 5.19). For the Rockall Bank scenario, the first wave to reach land is
a peak, and is followed by a trough. Wave gauge 67 (Figure 5.24) is located on
the north coast of Northern Ireland, and shows that the maximum wave heights
expected to reach here are approximately 1 m. Mainland Scotland receives the first
wave after 2 hours, and Northern Ireland is hit after 2 hours and 10 minutes. Wave
gauge 1 (Figure 5.24) is located ∼300 km south east from the centre of the Rockall
Trough, in the North Channel separating Northern Island and Scotland). It records
the maximum wave amplitude at the third peak arrival, (in contrast to wave gauges
2 and 3, where it is the first peak). This could be due to wave diffraction and
superposition. By 2 hours 40 minutes, waves have arrived at the southern end of
the west coast of Ireland, and at the Orkney Islands, at the east of the north of
Scotland. At this time waves also start to propagate south in the Irish Sea. At
around 4 hours the first waves reach the Isle of Man. However, by this time the
wave peak amplitude has decreased to less than 1 m. The maximum wave height at
the English coast is also less than 1 m (Figure 5.17). The highest waves along the
English coast are seen in the estuaries of the River Ribble at Blackpool/Preston and
River Mersey at Liverpool, here the maximum wave amplitudes are approximately
0.5 m and 0.25 m respectively.
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(b) SM-RS-EV, 10 mins (c) SM-DS-SV, 10 mins
(d) SM-RS-EV, 20 mins (e) SM-DS-SV, 20 mins
(f) SM-RS-EV, 30 mins (g) SM-DS-SV, 30 mins
Figure 5.18: Wave height through time for Rockall Bank slide for SM-RS-EV (left)
and SM-DS-SV (right), 10–30 mins. Arrow indicates direction of slide motion.
The scale for wave amplitude is capped at ± 1 m.
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(b) SM-RS-EV, 40 mins (c) SM-DS-SV, 40 mins
(d) SM-RS-EV, 60 mins (e) SM-DS-SV, 60 mins
(f) SM-RS-EV, 80 mins (g) SM-DS-SV, 80 mins
Figure 5.19: Wave height through time for the slide at Rockall Bank for SM-RS-
EV (left) and SM-DS-SV (right), 40–80 mins. The scale for wave amplitude is
capped at ± 1 m.
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(b) SM-RS-EV, 100 mins (c) SM-DS-SV, 100 mins
(d) SM-RS-EV, 120 mins (e) SM-DS-SV, 120 mins
(f) SM-RS-EV, 140 mins (g) SM-DS-SV, 140 mins
Figure 5.20: Wave height through time for the slide at Rockall Bank for SM-RS-
EV (left) and SM-DS-SV (right), 100–140 mins. The scale for wave amplitude
is capped at ± 1 m.
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(b) SM-RS-EV, 10 mins (c) SM-DS-SV, 10 mins
(d) SM-RS-EV, 20 mins (e) SM-DS-SV, 20 mins
(f) SM-RS-EV, 30 mins (g) SM-DS-SV, 30 mins
Figure 5.21: Wave height through time for the Peach Slide for SM-RS-EV (left)
and SM-DS-SV (right), 10–30 mins. Arrow indicates direction of slide motion.
The scale for wave amplitude is capped at ± 1 m.
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(b) SM-RS-EV, 40 mins (c) SM-DS-SV, 40 mins
(d) SM-RS-EV, 60 mins (e) SM-DS-SV, 60 mins
(f) SM-RS-EV, 80 mins (g) SM-DS-SV, 80 mins
Figure 5.22: Wave height through time for the Peach Slide for SM-RS-EV (left)
and SM-DS-SV (right), 40–80 mins. The scale for wave amplitude is capped at
± 1 m.
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(b) SM-RS-EV, 100 mins (c) SM-DS-SV, 100 mins
(d) SM-RS-EV, 120 mins (e) SM-DS-SV, 120 mins
(f) SM-RS-EV, 140 mins (g) SM-DS-SV, 140 mins
Figure 5.23: Wave height through time for the Peach Slide for SM-RS-EV (left)
and SM-DS-SV (right), 100–140 mins. The scale for wave amplitude is capped
at ± 1 m.
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(a) Wave gauge 3 (b) Wave gauge 2
(c) Wave gauge 1 (d) Wave gauge 67
(e) Wave gauge 24 (f) Wave gauge 27
−20˚ −15˚ −10˚ −5˚ 0˚
50˚
55˚
60˚
27
24
67 1
23
Figure 5.24: Numerical wave gauges for the Rockall Bank slide scenario comparing
the SM-RS-EV (Single Material, Rigid Slide, Estimated Velocity), SM-RS-SV
(Single Material, Rigid Slide, Simulated Velocity) and SM-DS-SV (Single Mate-
rial, Deformable Slide, Simulated Velocity) approaches. Wave gauge locations
also shown at bottom.
142
5.3: Three dimensional simulations for Atlantic Ocean scenarios: SM-RS-EV,
SM–RS-SV-COM and SM-DS-SV approaches
For the Peach Slide scenario, the first wave to reach the Outer Hebrides after 50
minutes is a trough that spans ±45◦ from the opposite direction to slide motion
(Figure 5.21). The first wave arrival for gauges in the remaining 270◦ is a positive
amplitude wave (Figure 5.25). The wave that first reaches the Irish coast after
approximately 50 minutes and has a positive amplitude. After 2 hours, a small,
positive amplitude wave (less than 1 m high) reaches the north coast of Scotland
(Figure 5.23). The west of mainland Scotland initially receives a trough, before a
peak follows after 2 hours. A depression reaches the coast of Northern Ireland first
at 2 hours, and the first peak with a wave amplitude greater than 1 m hits Northern
Ireland after approximately 2 hours and 10 minutes (Figures 5.23 and 5.25).
5.3.2.2 Wave amplitudes at coastlines
Figure 5.26 compares the wave heights at the numerical wave gauges for both sce-
narios using the SM-DS-SV approach. For the Rockall Bank slide, the first waves to
reach the coasts of the British Isles are always a peak. For the Peach Slide, it is a
trough, due to the orientation of slide motion (seen at wave gauges 1 and 67, Figure
5.26 c and d, respectively). In all directions (apart from north of the slides, wave
gauge 24), the wave gauges record waves of opposite polarity for the Rockall Bank
and Peach Slides. Waves from the Peach Slide reach the coast of Northern Ireland
first, presumably because the waves are generated closer to the coast. However this
wave is a trough and the peaks from the two scenarios arrive at similar times.
Along the coast (Figure 5.27) there are several local maxima and minima in maxi-
mum wave amplitude, due in significant part to funnelling effects at inlets along the
coast. From both scenarios, waves greater than 1 m in amplitude reach the north
western Irish coast spanning from Clifden in the South to Culdaff on the North Coast
(Figures 5.28, 5.29 and 5.30 (a)). The Outer Hebrides experiences wave heights of
greater than 10–20 m (depending on the use of the SM-RS-SV approach or the SM-
DS-SV approach, Figure 5.17). In both cases, the Outer Hebrides takes the brunt of
the waves and shelters much of mainland Scotland from experiencing wave heights
greater than a few metres. The north coast of Scotland records waves 0.5–5 m in
amplitude.
For comparison, during the Tohoku tsunami in Japan, waves recorded just offshore
were in places, 5–10 m in amplitude (Mori et al., 2011). The resulting maximum run
up heights were between 5–30 m high. It is also useful to compare the wave heights
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(a) Wave gauge 3 (b) Wave gauge 2
(c) Wave gauge 1 (d) Wave gauge 67
(e) Wave gauge 24 (f) Wave gauge 27
−20˚ −15˚ −10˚ −5˚ 0˚
50˚
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60˚
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Figure 5.25: Recorded wave amplitudes at numerical wave gauges for the Peach
Slide scenario, comparing the SM-RS-EV (Single Material, Rigid Slide, Esti-
mated Velocity), SM-RS-SV (Single Material, Rigid Slide, Simulated Velocity)
and SM-DS-SV (Single Material, Deformable Slide, Simulated Velocity) ap-
proachess. Wave gauge locations also shown at bottom.
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(a) Wave gauge 3 (b) Wave gauge 2
(c) Wave gauge 1 (d) Wave gauge 67
(e) Wave gauge 24 (f) Wave gauge 27
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Figure 5.26: Wave gauges comparing Rockall Bank slide and Peach Slide scenarios
for SM-DS-SV approach.
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Figure 5.27: Sections of coastline for which maximum free surface heights are
displayed in Figures 5.28, 5.29 and 5.30. Locations of numerical wave gauges
arranged in loci of radius 100 km, 200 km, 300km and 400 km for Rockall Bank
(green) and Peach Barra (yellow) used in Figure 5.32.
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(a) West Ireland (west to east)
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(b) Northern Ireland (west to east)
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(c) South West Scotland (south to north)
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(d) North West Scotland (south to north)
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Figure 5.28: Maximum water elevation recorded along the NW coastlines of the
British Isles for Rockall Bank slide scenario, comparing SM-RS-EV, SM-RS-SV
and SM-DS-SV approaches.
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(b) Northern Ireland (west to east)
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(c) South West Scotland (south to north)
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Figure 5.29: Maximum water elevation recorded along the NW coastlines of the
British Isles for Peach Slide scenario, comparing SM-RS-EV, SM-RS-SV and
SM-DS-SV approaches.
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Figure 5.30: Maximum water elevation recorded along the NW coastlines of the
British Isles for the SM-DS-SV approach, waves generated by the Rockall Bank
and Peach Slide scenarios.
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recorded just offshore to those generated in other slide scenarios in the Norwegian-
Greenland Sea modelled by Mouradian et al. (2016). The scenarios modelled in-
cluded slides in the location of the historical Storegga slide. These slides lie at a
greater distance from the coast of the British Isles, however maximum expected
wave amplitudes just offshore of the British Isles are similar in amplitude (Figure
5.31). However, expected waves from a Storegga-like scenario would impact the east
coast of the UK.
Wave amplitudes appear highly dependent on the orientation of slide failure with
respect to each coastline. The largest waves are seen in the direction of slide motion
for both the SM-RS-EV and SM-DS-SV approaches (e.g. for Rockall Bank, wave
gauges 3, 2, and 1 are located in the direction of slide motion, at increasing dis-
tance from the slide, Figure 5.24). The Peach Slide generates a wave trough that
propagates directly behind the slide (180◦ from the direction of slide motion). This
trough spans from +135◦ to -135◦ from the direction of slide motion. This is further
investigated by examining at the waves recorded at fixed distances radially from
the slide locations; loci with radii of 100 km, 200 km, 300 km and 400 km (Figure
5.32). The locations of these numerical wave gauges are shown in Figure 5.27 and
are placed at 0◦, ±45◦, ±90◦, ±135◦ and 180◦ from the direction of slide motion
for each slide. The largest wave amplitudes are generated in the direction of slide
motion and within ±45◦ from this direction. Waves in the opposite direction to
slide motion are the next largest, whilst wave amplitudes perpendicular to the slide
motion are smallest. The large difference in overall amplitude between wave gauges
at 300 km and 400 km is due to the attenuation of the waves as they propagate and
spread out radially, after the majority of shoaling is already complete (Figure 5.32).
5.3.2.3 Comparison of model approaches
The SM-RS-EV and SM-DS-SV approaches exhibit very similar wave patterns within
the first 10 minutes after slide initiation (Figures 5.18 and 5.21). After this, a more
complex wave pattern (more peaks and troughs) is produced by the SM-DS-SV ap-
proach, which continues to generate waves greater than 1 m in amplitude after the
slide in the SM-RS-EV approach has come to a stop and no longer generates addi-
tional waves. The SM-DS-SV approach accounts for internal slide deformation that
generates additional short wavelength perturbations within the long wavelength sig-
nal. This leads to velocity variations over the length of the slide in the SM-DS-SV
approach (e.g. Figure 5.11), contributing to wave generation in additional loca-
150
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(a) Rockall Bank 100 km3 (b) Peach Slide 100 km3
(c) Storegga 3200 km3 (d) Storegga 1000 km3
(e) Northern Storegga 1000 km3
Figure 5.31: Maximum water elevation at the coast of the British Isles for SM-
RS-EV simulations of (a) Rockall Bank slide 100 km3, (b) Peach Slide 100
km3, (c) Storegga 3200 km3 (Mouradian et al., 2016)), (d) Storegga 1000 km3
(Mouradian et al., 2016)), (e) Northern Storegga 1000 km3 (Mouradian et al.,
2016)).
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(a) SM-DS-SV, Rockall Bank
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(b) SM-RS-EV, Rockall Bank
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(c) SM-DS-SV, Peach Slide
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(d) SM-RS-EV, Peach Slide
Figure 5.32: Maximum (solid lines) and minimum (dashed lines) wave heights
recorded at numerical wave gauges located in Figure 5.27 at 100 km (yellow),
200 km (red), 300 km (blue) and 400 km (green) for Rockall Bank (top, green
gauges in Figure 5.27), Peach Slide (bottom, yellow gauges in Figure 5.27),
SM-DS-SV (left) and SM-RS-EV (right).
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tions. In the SM-RS-EV approach the slide surface is smooth, there is no internal
deformation, and therefore velocity is only induced at the front and back of the slide.
Since there may be a concentration of velocity at the front of the slide in the SM-
RS-EV approach compared to the SM-DS-SV approach, and since the slides have
the same volume and therefore must displace the same volume of water, the velocity
at the front of the slide in the SM-RS-EV approach must be higher and this could
explain why, in the direction of slide motion, larger wave arrivals are recorded from
the SM-RS-EV approach than the SM-DS-SV approach. For example in the Rockall
Bank scenario, the first peak arrival from the SM-DS-SV approach at wave gauge
2 has a 19% lower amplitude than the first arrival from the SM-RS-EV approach
and there is a larger difference between the amplitudes of the second peak. At wave
gauges perpendicular to slide motion (wave gauges 24 (e) and 27 (f)) there generally
a smaller difference in wave amplitudes generated by the SM-RS-EV and SM-DS-SV
approaches.
Wave heights predicted by the SM-RS-EV approach are, in places, more than double
those predicted by the SM-DS-SV approach (e.g. for the Rockall Bank slide at
Donegal Airport, Figure 5.28). At the coast of Northern Ireland (wave gauge 67
e.g. for the Peach Slide Figure 5.25 (d)) the SM-RS-EV approach also generates
the highest amplitude arrival. At the coast of south west Scotland the SM-RS-
EV approach produces higher amplitude waves than the SM-DS-SV approach in
the Rockall Bank slide scenario, where as for Peach Slide the SM-DS-SV approach
produces higher waves (Figures 5.28 and 5.29). In southern areas of the west Irish
coast the SM-DS-SV approach produces higher maximum wave amplitudes than the
SM-RS-EV approach in the Peach Slide scenario, with amplitudes of up to 9 m.
For the Peach Slide scenario, wave gauge 3 (Figure 5.25(a)) is situated on the Scot-
tish continental shelf behind the slide. Here, the first wave is a trough and the
amplitudes for the SM-RS-EV and SM-DS-SV approaches are identical. This is
followed by a peak that is higher for the SM-DS-SV approach than the SM-RS-EV
approach. For the SM-RS-EV approach, after this arrival there are no significant
wave peaks. Conversely, for the SM-DS-SV approach the second peak is larger than
both first peaks for the the SM-DS-SV and SM-RS-EV approaches. A possible
explanation for this is constructive wave superposition. Furthermore, as the wave
spreads and travels further from the slide, this feature disappears ((Figure 5.25 wave
gauges 2 (b) and 1 (c)).
153
Chapter 5: Submarine slide-tsunami in the regional seas of the British Isles: The
importance of slide dynamics, deformation and direction
Results from the SM-RS-SV approach (where the speed of the rigid slide is prescribed
using the deformable slide’s centre of mass motion) are included in Figures 5.24 and
5.25. For all wave gauges presented, for both the Rockall bank and Peach Slide
scenarios, the SM-RS-SV approach generates waves with lower amplitudes than the
SM-RS-EV and SM-DS-SV approaches. The overall wave pattern generated by the
SM-RS-SV approach tends to follow the wave pattern of the SM-DS-SV approach,
suggesting that the wave pattern is primarily controlled by the slide motion. Since
the SM-RS-SV approach assumes the slide is moving at the same speed as the slide’s
centre of mass in the SM-DS-SV approach, the effect of slide deformation can be
isolated. The higher waves generated by the SM-DS-SV approach indicate that the
deformation of the slide contributes to higher wave amplitudes. Furthermore, this
might indicate the slide’s centre of mass motion may not well capture slide failure
and deformation at particularly shallow depths, since the whole block is moving at
the average slide speed (weighted by slide thickness). This could result in parts of the
slide accelerating slower than they are in the case where the slide is deforming. If this
occurs at shallow water depths, it could explain the reduction in wave amplitudes
in the SM-RS-SV approach compared to the SM-DS-SV approach.
5.4 Discussion
5.4.1 Hazard to the British Isles
Waves with amplitudes of up to 10 m from the Rockall Bank and Peach Slides reach
the coast of the British Isles after undergoing shoaling on the continental slope. The
highest waves that reach the British Isles are always recorded just off the western
shore of the Outer Hebrides, where there is not a high population density. At the
mainland the highest waves are recorded along the west coast of Ireland. Along
the north western Irish coast there are several small towns. Furthermore, Donegal
Airport is situated right on the coast and is expected to be vulnerable to waves
if there is a lack of sea defences. 2–6 m maximum wave amplitudes are predicted
offshore of Donegal Airport from a slide at Rockall Bank and 5–6 m from the Peach
Slide scenario. The SM-RS-EV approach predicts a maximum wave amplitude in
this location that is 4 m higher than the SM-DS-SV approach predicts. In the current
model set-up, waves are modelled to a minimum water depth of 10 m; after this point
there may be further amplification due to shoaling over shallower bathymetry. Just
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offshore the Northern Irish city of Londonderry/Derry waves are predicted between
4–6 m high for Peach Slide and 1–2 m high from Rockall Bank slide (Figures 5.28
and 5.29 (b)). The city is sheltered by the surrounding coastline and therefore is
not affected by waves of high amplitude. However, in Lough Foyle, further shoaling
at shallow water depths may result in increased wave amplitudes.
To obtain an estimate for the wave amplitudes offshore, the ‘Irribaren number’
(Hunt, 1959; Battjes and Janssen, 1978; Korycansky and Lynett, 2007) is used to
provide an estimate of run-up on land given the deep water wave amplitude and
wavelength, and the average slope of the bathymetry of the beach. The Irribaren
number is defined as:
ξ = s(H0/L0)
− 1
2 . (5.7)
The beach slope was randomly sampled along the Scottish and Irish and Northern
Irish coasts and varies from 0.2 to 2.1 degrees, although most values fall between
0.5 and 1.5 degrees. For the Rockall Bank scenario the wavelength and wave height
at 10 m water depth are approximately 20 km and 1–5 m respectively. This results
in a relative run-up of between a factor of 1–3 larger, and an estimated inundation
height on land of 1–30 m.
This work considers two moderately sized slides (in terms of volume) with volumes
of 100 km3 that occur relatively close to the British Isles. Therefore the slide sce-
narios considered here undergo minimal wave attenuation over distance and due to
geometrical spreading. The slide scenarios considered in this work involve the fail-
ure of the entire length of the slope, however, they are not the maximum plausible
slide thickness. Because the whole slope fails, the section of slope with the highest
gradient always fails, leading to high slide velocity and acceleration. For shorter
slide this may not be the case. Furthermore, the failure directions of these slides
point either directly towards or directly away from the coastlines of the British Isles
and this means maximum wave amplitudes will be felt compared to slides failing in
a direction perpendicular to these.
Salmanidou et al. (2015) considered a range or slide volumes on the Rockall Bank,
and also found that County Mayo on the Irish coast is the first area to be inundated,
after 40–44 minutes following the tsunami generation, which is around 15 minutes
earlier than for the scenarios considered in this work. This is probably due to the
more southerly location of the submarine slide on the Rockall Bank in Salmanidou
et al. (2015). The recorded wave amplitudes are slightly higher, 13–32.5 m, but this
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is expected given the larger slide volumes (265-765 km3) modelled in their work.
Therefore the wave heights predicted by the 100 km3 slides in this work should not
be considered a worst case scenario.
Mouradian et al. (2016) modelled several other scenarios that have the potential
to affect the British Isles, including several that are situated further away, with
a range of volumes smaller than the Storegga Slide. The study found large waves
reach the UK coast and affect a greater section of the coasts of Scotland and England
than those considered here; with tsunami waves reaching south to Hartlepool on the
English coast. In Mouradian et al. (2016)’s findings, waves greater than 1 m did
not reach the coast for scenarios smaller than 100 km3, however, the findings in this
chapter from slides of 100 km3 situated closer to the British Isles, record maximum
wave amplitudes along the Northern Irish and north Scottish coasts of up to 6 m.
5.4.2 Effect of slide direction
A comparison between the two scenarios at Rockall Bank and Peach Slide complex
indicate that the orientation of a slide with respect to the coast and distance to
coast are both important in determining the hazard to the coastlines. The highest
waves are always recorded at the coast when the slide failure occurs in the direction
of the coast or within ±45◦ from this direction. This result is in agreement with
numerical simulations in Jiang and LeBlond (1994); Iwasaki (1997) and Mouradian
et al. (2016). Aside from this, the next largest waves are generated in the opposite
direction to slide motion, where the waves shoal on the failure slope and increase
in amplitude. The lowest waves are always recorded perpendicular to slide motion.
The true effect of direction may be masked by azimuthal differences in bathymetry,
causing changes in wave speed and amplitude by shoaling.
5.4.3 Effect of slide velocity and acceleration: SM-RS-SV
vs SM-RS-EV
Three approaches for submarine slide tsunami generation and propagation in three
dimensions have been applied during this chapter. One approach considers a de-
formable slide whose motion is simulated (SM-DS-SV). Two approaches assume a
rigid slide, one uses an estimated velocity profile (SM-RS-EV), and one uses a ve-
locity profile based on simulated slide motion (SM-RS-SV). By comparing these
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two approaches, the effect of slide velocity and acceleration can be isolated and
evaluated.
The SM-RS-EV approach produces waves that are up to three times larger than the
SM-RS-SV approach. This is because the SM-RS-EV approach assumes a higher
slide acceleration and maximum velocity than the SM-RS-SV approach. This strong
dependence of wave amplitude on slide velocity and acceleration is in agreement with
many previous findings, e.g. Wiegel (1955); Watts (1998, 2000); Watts et al. (2000);
Ward (2001); Tinti et al. (2001); Haugen et al. (2005); Løvholt et al. (2005); Harbitz
et al. (2006).
The velocity and acceleration of the slide in the SM-RS-EV approach were deter-
mined using a physically motivated rationale/approximation for slide motion. This
rationale assumes a constant slope and takes into consideration drag and friction,
in order to establish the slide’s terminal velocity. It further assumes that the slide
reaches a maximum velocity that is 60% of this terminal velocity and that this max-
imum velocity is reached over a distance of half the slide’s length, which determines
the slide’s acceleration. The higher wave amplitudes generated by the SM-RS-EV
approach suggest that there is a flaw in the rationale, or in the value of one of the
parameters used within the calculation. One possible source of error is the value
chosen for the constant slope. Slope angles display high variability over the slide
length of 58 km. If the assumed average slope is too high, this could explain the
overestimation of the slide velocity. An average slope of about 2◦ is assumed in both
cases. However, the slope in fact varies from <0.1–7.0◦, depending on the location
and length of slope considered. For the estimated velocity profile in the SM-RS-EV
approach to match the velocity profile of the simulated slide in the SM-RS-SV and
SM-DS-SV approaches (in terms of maximum velocity and initial acceleration), a
gentler slope, closer to 1◦, is required (Figure 5.14). Given that the slope at the front
of these slides is typically very shallow, a gentler revised average slope angle is phys-
ically reasonable. In the submarine slide scenario in the Gulf of Mexico in Chapter
4, the rationale provides an estimate for slide motion that does not over estimate
the wave amplitudes compared to the other approaches. Together, this indicates the
importance of identifying the correct slope value for use in this rationale.
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5.4.4 Effect of slide deformation
5.4.4.1 Two dimensions
The MM2FS simulations presented in this chapter indicate that slide deformation
is highly dependent on the local bathymetry, the local changes in slope and the
depth of these changes in slope. Sharp and subtle changes in slopes can lead to
internal slide deformation and local thickening and thinning of the slide material.
This deformation behaviour may be due to the treatment of the slide material as
a Newtonian viscous fluid. This may not be the most appropriate assumption,
as in reality submarine slides have strength and granularity; and a more complex
slide rheology may cause the slide to deform in a different manner. Future work
should investigate the effect of different and more realistic slide rheologies, such as
a Bingham fluid, on the deformation and resulting waves (e.g. Jiang and LeBlond
(1993); Assier-Rzadkiewicz et al. (1997)).
Slide deformation at shallowest depths, on the steepest slopes and involving the
largest volume is more energetic than other sections of the slide and contributes
most to wave generation. Allowing the deformation of the slide generally results in
the maximum velocity and acceleration of the slide material occurring on the steepest
sections of the bathymetry. The depth of the steep parts of the bathymetry, as well
as the slide variation in slide thickness with depth are important for wave generation.
Eventually in both scenarios slide material builds up in the head of the slide and
this part moves the fastest. However, this may be after the main wave has already
been generated and when the slide is too deep to significantly influence further wave
generation. The Rockall Bank and Peach Slide’s lengths span the entire slope in each
case and the slide front is in deep water, at the shallowing out of bathymetry at the
bottom of Rockall Trough. Therefore large proportions of the slides are located at
a water depth too great to affect wave generation. Therefore when considering the
importance and effect of slide volume on generated waves it is important to consider
only the proportion of the slide that is shallow enough to affect the wave generation.
Investigations into the effect of slide volume on wave amplitude may therefore want
to concentrate on altering the slide thickness and its variation along the slide length,
rather than increasing the slide length to a depth where it has a negligible influence
on the generated wave. These findings suggest characteristics of generated waves
are controlled by a combination/product of slope variation, slide volume/thickness
and depth, acceleration and maximum velocity (which are both a function of the
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slope).
The motion of the deformable slide is strongly influenced by smaller scale changes
in bathymetry over the length of the slide causing local minima and maxima in the
slide thickness. However, from Figure 5.11 it can be seen that the maximum velocity
of hte slide material increases above the maximum velocity of the slides centre of
mass, and this does contribute to wave generation.
5.4.4.2 Three dimensions
The deformable slide (the SM-DS-SV approach) produces a more complex wave
train, owing to the uneven, deforming top surface of the slide, leading to variation
in vertical velocity across the length of the slide (e.g. seen in Figure 5.11 for the
Rockall Bank scenario in an MM2FS simulation). This is opposed to the smooth
top surface in the rigid slide models (the SM-RS-EV and SM-RS-SV approaches),
where there is only a change in vertical water velocity at the front and back on the
slide (elsewhere the thickness is constant).
The rigid slide moving at the same speed as the centre of mass of the deformable slide
(the SM-RS-SV approach) produces waves of lower amplitudes than the deformable
side (SM-DS-SV) approach, even though it is, on average, moving at a similar ve-
locity. This maybe because the centre of mass motion that is used does not capture
well rapid slide deformation at particularly shallow water depths that tends to have
a significant influence on wave heights. Alternatively, the deformable case may gen-
erate variations in water velocity at shallower water depths. This indicates that
deformation of slide material leads to increased wave amplitudes compared to a
rigid slide moving with the same velocity. The increase in wave amplitude depends
on the location of the wave gauge, but in general, the SM-DS-SV approach produces
∼30–50% higher waves than the SM-RS-SV approach and a maximum of just over
two times greater maximum wave amplitudes.
These findings are in agreement with Grilli and Watts (2005) who report increases in
wave amplitudes at wave gauges of between 13–35% and an increase in wave runup
of a factor of 2–3 for deformable slides compared to rigid slides. Grilli and Watts
(2005) conclude that intense slide deformation at shallow water depths significantly
increases the coastal hazard the waves pose. However, other studies have found that
slide deformation does not have a significant effect on the generated wave amplitude
compared to rigid slides (Løvholt et al., 2015), because the slide accelerates too
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fast into deeper water for the deformation to influence the wave generation. In the
scenarios considered here, slide deformation does appear to be contributing to wave
generation, which suggests the presence of rapid slide deformation at shallow water
depths.
Some studies have found that slide deformation leads to decreased wave amplitudes
(Watts, 1997; Ataie-Ashtiani and Najafi-Jilani, 2008; Kirby et al., 2016). However,
the majority of these studies consider submarine slides at laboratory scale, higher
slope angles (15–60◦) and slides that are smaller, have a higher thickness to length
ratio and different slide rheologies (e.g granular and confined granular) (Watts, 1997;
Ataie-Ashtiani and Najafi-Jilani, 2008). Although the example in Kirby et al. (2016)
is full scale and three dimensional, the scenario considered two separate, but simul-
taneous slides, whose combined effects generate the wave, and therefore it is not
appropriate to compare the results with the single slide scenarios considered here.
5.4.5 Limitations
There are limitations to the results presented here. These include that in three
dimensions the minimum mesh resolution in the slide region is 2 km. However,
the MM2FS simulations show that some slide deformation occurs at smaller scales
than this (e.g 100 m scales) and therefore the three dimensional simulations may be
missing more detailed information about the slide geometry and/or smearing it out.
Mesh resolution studies are recommended to investigate to what extent this affects
the waves generated. Resolution studies have previously only been completed for the
SM-RS-EV approach simulations by Hill et al. (2014), where it was concluded that
multi-scale meshes with the same minimum and maximum edge lengths as those
considered here were able to accurately represent observed run-up height estimates.
The slides here are also assumed to be constant width and, in reality, there will be
some spreading or funnelling of the slide laterally. The change in vertical velocity,
due to slide deformation and motion, is also applied uniformly along the width,
whereas in reality there will be differences in bathymetry across the width of the
slide which will lead to changes in deformation along the width of the slide. If
deformation is permitted in three dimensions, this may also have an effect on the
difference between waves amplitudes generated by rigid and deformable slides. In
previous experimental work (Watts et al., 2005) the slide width has been found to
have an important effect on wave amplitude, therefore a more thorough investigation
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including modelling of slides that are able spread laterally, should be performed in
order to establish to what degree this has an effect on the generated wave.
Lastly, the model does not allow inclusion of shoaling and inundation in areas of
bathymetry shallower than 10 m depth near to the coastlines. This means that wave-
heights recorded at the wave gauges are likely underestimated as the final shoaling
and funnelling is not modelled. Inundation modelling is available within Fluidity
but currently these simulations are often too computationally expensive. Another
approach is to use another model, such as TELEMAC, to simulate inundation by
forcing it with the output of Fluidity. Mouradian et al. (2016) found that neglecting
shoaling and inundation did indeed lead to an underestimation of wave amplitudes
but recommended future work to fully establish the magnitude of the underestima-
tion.
5.5 Conclusions
An approach for accounting for deformation of submarine slides in three dimensions
has been applied to two scenarios in UK coastal waters. Results have shown that
the slide’s speed and acceleration are important factors in determining wave char-
acteristics, including wave amplitude at coastlines. An approach was tested that
used a rigid slide that moved according to prescribed motion. The slide motion was
described using a parabolic velocity profile, characterised by an acceleration and
maximum velocity. These parameters were determined by a rationale based on the
slide volume and angle of slope. In order for this approach to produce accurate
wave heights, the maximum velocity and acceleration time/distance must be very
well constrained. Furthermore, in order to establish if these are good estimates, the
simulation would ideally be preceded by a multi-material (MM2FS) simulation, in
the absence of evidence for constraints on the slide motion. If an MM2FS simula-
tion is required, running a full SM-DS-SV simulation in three dimensions instead
of the simplified SM-RS-EV approach is justifiable as it is only marginally more
computationally expensive than the rigid slide approaches.
Approaches that do not consider slide deformation (SM-RS) appear to provide good
estimates compared to approaches that do account for slide deformation (SM-DS-
SV). However, in order to provide the most accurate representation of slide dy-
namics, the correct slide velocity at the correct depth is required, which requires
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consideration of slide deformation. The SM-DS-SV simulation accounts for more of
the physics and processes and slide deformation has been shown to affect the wave
generated. However, this is a secondary effect compared to the effect of the slide’s
velocity and acceleration. The recommended choice of approach will depend on the
use/need of the decision makers.
This work suggests there is a hazard to the coasts of the north west British Isles
from submarine slides on the Rockall Bank and Trough, and waves up to 10 m
in amplitude can be expected, from both slide scenarios considered. A previous
study of the Storegga Slide, which is situated at a greater distance from the coast,
but involves a much greater slide volume, predicted waves ∼5 m at the Scottish
coast (Hill et al., 2014). The hazard to the UK from submarine slide tsunami
has previously been under-considered and the results of this chapter indicate that
tsunami from a nearby submarine slide have the potential to pose a significant risk
to the British Isles. Future work could consider a range of slide volumes to work out
the probability of a given wave height being experienced at the coast of the British
Isles.
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Conclusions
6.1 Summary of conclusions
In this thesis, numerical modelling has been used to simulate the complex interac-
tions between submarine slide dynamics and the generation of tsunami waves. Nu-
merical modelling can be used to inform risk assessment of submarine slide tsunami.
Historical submarine slide tsunami have had devastating impacts, and they are still
poorly understood. The modelling of submarine slide tsunami from slide initia-
tion to wave generation, propagation and inundation in three dimensions is complex
and computationally challenging. Approaches and techniques have been investi-
gated here that aim to achieve an accurate answer that accounts for the important
physics, whilst minimising the computational expense of modelling tsunami gen-
erated by submarine slides and therefore to increase the feasibility of tackling the
submarine slide tsunami problem.
The thesis presents several different approaches for the modelling of deformable
submarine slides in both two and three dimensions within the same framework, and
this is the first time several different approaches have been compared within the
same model. The numerical framework for these approaches, Fludity, uses a flexible
finite-element/control-volume discretisation approach, and allows for the numerical
solution of several equation sets (Piggott et al., 2008). In this thesis, Fluidity has
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been successfully compared to laboratory experiments and four other numerical
models from the literature (two at laboratory scale and two at full scale).
Many previous numerical studies have approximated slides as rigid blocks with pre-
scribed motion. However, several studies have shown that submarine slide acceler-
ation and velocity are key parameters in determining resulting wave characteristics
(Harbitz, 1992; Harbitz et al., 2014; Løvholt et al., 2015). Many previous models
have relied on using analytically derived estimates for the slide velocity and ac-
celeration, because simulating the slide dynamically, including its interaction with
the water, internal deformation and drag, adds substantial computational expense.
However, to avoid estimating the slide dynamics, a simulation is required to explic-
itly model the water and slide, and the interaction between the two. In Chapter three
wave generation was successfully modelled from a deformable submarine slide that
moves dynamically as a Newtonian viscous fluid, using three different approaches
for modelling slide motion and wave generation. The approaches compared are: a
sediment model with a free surface (SEDFS); a two-material model: viscous slide
and water, with a free surface (MM2FS); and a three-material model: viscous slide,
water and air (MM3). In MM3 the response of the ocean surface to the submarine
slide movement is represented by the interface between the water and air, whereas
MM2FS and SEDFS use a free surface (FS) boundary condition method.
A two-dimensional laboratory scale scenario was set up according to the work of
Assier-Rzadkiewicz et al. (1997) using fixed, unstructured meshes. The results of
SEDFS, MM2FS and MM3 were shown to agree closely with the numerical results
of NASA-VOF2D (Assier-Rzadkiewicz et al., 1997) and give similar results to each
other. Results were also compared to experimental data and another numerical
model, NHWAVE (Ma et al., 2013). The maximum wave heights predicted by Flu-
idity were slightly greater than the experimental results. However, the amplitudes
were lower than those obtained with NHWAVE in Ma et al. (2013), and were also
closer to the experimental results than NASA-VOF2D (Assier-Rzadkiewicz et al.,
1997). The discrepancy between the numerical models and the experiments may be
due to the models not accounting for friction between the water and the sides of
the tank in the experiments, this is something that could be investigated in future
work. Another possible explanation is that small-scale experiments can suffer from
unavoidable scale effects not present in numerical models, such as a greater rela-
tive importance of surface tension at the air-water interface, providing additional
wave energy dissipation. Conversely, the models may not be correctly representing
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the slide rheology. However, the insensitivity of wave heights to changes in slide
viscosity indicate that viscosity is not important in this case.
Fluidity was also used to model a two-dimensional large-scale hypothetical subma-
rine slide scenario Horrillo et al. (2013) in the Gulf of Mexico. The results from
the SEDFS, MM2FS and MM3 approaches were compared to TSUNAMI3D and
FLOW3D, and the advantages and disadvantages of each were discussed. Good
agreement (within 10%) in wave amplitude and wave form was seen between the
three models at all time levels considered and there was good agreement in wave am-
plitudes and the locations of the wave minima and maxima found using TSUNAMI3D
and FLOW3D in Horrillo et al. (2013).
An adaptive meshing technique was applied to model the generation of waves by
submarine slide tsunami. Mesh adaptivity was applied at both laboratory and re-
alistic scales, tracking important features of the slide geometry as the simulation
progresses. The elements of the mesh changed size and shape throughout the simu-
lation, placing finer resolution where it was required, and placing coarser resolution
away from the dynamics of interest. Several adaptivity options were varied and
investigated, so that, in each scenario, the total average number of nodes employed
was reduced by at least an order of magnitude, whilst maintaining accuracy. The re-
duction in computational expense achieved by using mesh adaptivity could be used
in future work to allow an in-depth parameter study for the sensitivity of submarine-
slide tsunami to physical parameters, and to study slide deformation and dynamics
in more detail. Adaptive meshes may also allow the application of three-dimensional
SEDFS, MM2FS and MM3 simulations in future submarine slide tsunami work.
Each approach has advantages and disadvantages, so future use will depend on
the details of a specific application. SEDFS involves a more diffusive interface
between the slide and water than MM2FS and MM3, and may be more suited to
low particle concentration flows. SEDFS also allows other aspects of slide dynamics
to be considered, including material deposition from the slide (providing a method
to compare to observed deposits) and its transformation from submarine slide into
turbidity current. MM3 is able to model any wave breaking that occurs, but has
additional computational expense due to the modelling of an extra material, air,
and extra mesh resolution required at the air-water interface. In the future, the
MM3 approach could also be used to model sub-aerial, or partially submerged, slide
events. SEDFS is the most computationally efficient approach, followed by MM2FS,
then MM3.
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Chapters 4 and 5 describe the application of Fluidity’s Single Material (SM) method
to submarine slide tsunami, which was less computationally expensive, in two and
three dimensions to simulate the waves generated by deformable submarine slides.
Only one fluid was modelled (water) and the water motion was driven by an applied
boundary condition at the sea bed. By omitting the submarine slide (and air) from
the simulations, the computational expense was less than the multi-material meth-
ods, and the model can be applied over an increased area, and in three dimensions,
to model both the generation and propagation of the wave towards coastlines. This
approach is similar to Fine et al. (2005) but novel in that the full Navier-Stokes
equations are used instead of the shallow water approximation.
This approach has been successfully verified for a rigid slide in two dimensions,
moving with constant velocity, along a sea floor of constant depth, and the resultant
waves were compared against an analytical solution proposed by (Tinti et al., 2001).
There was a good match in wavelength and amplitude to the analytical solution for
a slide thickness of 105 m and water depth 1000 m, typical of submarine slides.
Subsequently, the SM model and MM2FS simulation were ‘coupled’; i.e., the out-
put of MM2FS simulations was extracted and used as a boundary condition for the
SM approach. This approach is termed Single Material, Deformable Slide, Simu-
lated Velocity (SM-DS-SV) and is a new, more efficient, approach than a full-scale
MM2FS approach, but still accounts for slide deformation and dynamics. In Chap-
ter 4 the SM-DS-SV approach was tested using the same two-dimensional test case
based upon the Gulf of Mexico as in Chapter 3. The SM-DS-SV approach produces
a maximum wave amplitude that was 30–40% reduced compared to the MM2FS
approach in two dimensions and to TSUNAMI3D (Horrillo et al., 2013) in three
dimensions. The multi-material approaches might overestimate wave amplitudes
because high dynamics viscosities may amplify the transfer of velocity from the
slide to the water and lead to unrealistically high velocities at the water surface
and therefore increased wave amplitudes. Conversely, the SM-DS-SV approach may
also be underestimating the wave heights because it does not account for all com-
ponents of horizontal drag. Another key issue may be the presence of a very thin
deforming low viscosity layer at the base of the slide, that is not modelled in this
work due to its complexity. However, it is reasonably approximated in the model as
there is deformation of slide material in combination with negligible friction along
the base of the slide. Studies also show the wave is mostly generated during the
initial acceleration period of the slide motion, and is not influenced by this complex
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rheology. The introduction of an applied stress proportional to the square of the
slide velocity improves the match between the MM2FS and SM-DS-SV approaches
in two dimensions. A priority for future work should be to run three-dimensional
simulations with multiple layers, to investigate the effect of the number of layers,
and to enable the application of this applied stress in three dimensions, which re-
quires several layers of elements to resolve the resulting boundary layer effect on the
water velocity.
A rationale has been evaluated for estimating the velocity and acceleration of a rigid
slide, used in the SM-RS-EV approach, where a rigid slide moves with a prescribed
velocity profile. The rationale was first developed by Harbitz (1992), applied to sim-
ulations of the Storegga Slide tsunami in Hill et al. (2014) and generalised for several
submarine slides of different locations and volumes in Mouradian et al. (2016). This
rationale assumes a constant slope and takes into consideration drag and friction, in
order to establish the slide’s terminal velocity. It further assumes the slide reaches
a maximum velocity that is 60% of this terminal velocity (based on comparisons of
run-up heights predicted by numerical models and observed run-up heights for the
Storegga Slide) and that this maximum velocity is reached over a distance of half
the slide’s length, which determines the slide’s acceleration.
For the Gulf of Mexico scenario in Chapter 4 the maximum wave amplitude gener-
ated by the SM-RS-EV approach was approximately 13–16% less than the maximum
wave amplitude generated by the SM-DS-SV approach. However, for the scenarios
in the Atlantic Ocean in Chapter 5, the SM-RS-EV approach produces ∼60–80%
higher waves than the SM-DS-SV approach. Simulations in Chapter 3 also suggest
the waveform is largely determined by the initial acceleration of the slide, when it
is at relatively shallow depths, and not by later details of the slide movement and
deformation when it has moved into deeper water. These results indicate there is
a strong dependence of wave amplitude on slide velocity and acceleration. This in
agreement with many previous findings, e.g. Wiegel (1955); Watts (1998, 2000);
Watts et al. (2000); Ward (2001); Tinti et al. (2001); Haugen et al. (2005); Løvholt
et al. (2005); Harbitz et al. (2006).
The rationale provides a better estimate for slide motion in the Gulf of Mexico
scenario than for the scenarios in the Atlantic Ocean, because in the latter it predicts
a considerably higher acceleration and maximum velocity for the submarine slide
than that predicted when the slide dynamics are simulated. This might be due to
the location and length over which the average slope is calculated and the amount of
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variation of the bathymetry. Assuming a rigid slide with an estimated velocity profile
can be a good first-order approximation for the generated waves, if the estimates
for the slide’s acceleration and maximum velocity are well constrained.
An approach that considers a rigid slide with a velocity profile based on the motion
of the slide in the MM2FS approach was also presented (SM-RS-SV). In Chapter
4, two different velocity profiles were extracted from the MM2FS simulation and
assigned to the rigid slide in the SM-RS-SV approach: the velocity of the front of
the slide, and the velocity of the centre of mass of the slide. Results show that using
the velocity of the front of the slide from the MM2FS approach in the SM-RS-SV
approach underestimates the initial acceleration of the slide because the front of the
slide was on a shallower incline than the rest of the slide, and sections along the
slide do not all move at the same speed due to differing local gradients. This led to
underestimated wave amplitudes. The movement of the slide’s centre of mass was
found to be a better approximation to the overall slide motion and generates waves
that closer match those generated by the SM-DS-SV approach.
In general, both the SM-RS-EV and SM-RS-SV approaches give good predictions
for the generated wave amplitudes, within an factor of 2–3, which may be sufficient
to inform some decision makers. However, without the completion of an MM2FS
simulation for comparison, there is no way to verify whether the velocity and ac-
celeration used in the SM-RS-EV approach are realistic. In the two scenarios in
the Atlantic Ocean considered in Chapter 5, the estimated maximum velocity was
∼60% larger than the maximum velocity of the slide simulated in the MM2FS ap-
proach, this led to a 60–80% increase in wave amplitude compared to the SM-DS-SV
approach. Running an MM2FS simulation in two dimensions takes between 30–500
cpu hours (depending on required resolution), which is fairly trivial compared to the
4000–4500 cpu hours required for the SM-RS-EV approach in three dimensions, and
the 18000 cpu required for the SM-DS-SV approach in three dimensions, which took
4–4.5 times as long. SM-DS-SV also requires an MM2FS simulation to be completed
in advance, but has the advantage of taking into account more of the physics and
slide dynamics. Since there was not a huge additional computational expense to use
a SM-DS-SV simulation in three dimensions instead of the SM-RS approaches, it is
recommended that a full SM-DS-SV simulation be carried out in order to obtain the
most accurate wave amplitudes. However, this recommendation will depend on the
accuracy required. Results have shown that using the combination of an MM2FS
simulation and the SM-DS-SV approach provides an increase in accuracy of 13–80%
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over the use of the SM-RS-EV approach alone, depending on the accuracy of the
estimated velocity profile used in the SM-RS-EV approach. In total, the combina-
tion of using an MM2FS simulation and the SM-DS-SV approach has been found to
take approximately 4.5 times more cpu hours than the SM-RS-EV approach alone.
Furthermore, a combination of the MM2FS and SM-DS-SV approaches may not
be sufficient if there are significant lateral variations in bathymetry from the two-
dimensional bathymetry profile used in the MM2FS simulation. This will be the
case if there are significant valleys, channels or ridges in the vicinity of the transect
location. Such bathymetric features could alter the direction, velocity and geome-
try of the submarine slide enough to affect the wave generation. In these cases a
three-dimensional MM2FS simulation would be required.
The MM2FS simulations presented in Chapter 5 indicate that slide deformation at
shallower depths, on the steepest slopes and involving the largest volume is more
energetic than other sections of the slide and contributes most to wave generation.
There was local thinning and thickening of slide material due to changes in slope.
The nature of deformation may be due to the treatment of the slide material as
a Newtonian viscous fluid. This may not be the most appropriate assumption, as
in reality submarine slides have strength and granularity and a more complex slide
rheology that may cause the slide to deform in a different manner. Future work
should investigate the effect of different and more realistic slide rheologies, such as
a Bingham fluid, on the deformation and resulting waves.
Results indicate deformation of slide material can strongly affect the amplitude of
the generated waves, increasing wave amplitudes by up to ∼30–50%. These findings
are in agreement with Grilli and Watts (2005), but in disagreement with some studies
that found slide deformation led to decreased wave amplitudes (Watts, 1997; Ataie-
Ashtiani and Najafi-Jilani, 2008; Kirby et al., 2016). However, the scenarios in
these latter studies considered slides at different scales (and consequently subject
to scale-effects) and in different conditions to those considered here. Future work
should model slides that spread laterally, and investigate the effect this has on
wave amplitudes and on the relative significance of slide deformation. Furthermore,
detailed mesh resolution studies should be conducted for the SM-DS-SV approach
as the resolutions used here were based upon studies for the SM-RS-EV approach
alone.
Throughout this modelling there is uncertainty in two sets of parameters: the phys-
ical parameters and the model parameters. When modelling hypothetical scenarios,
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the unknown physical parameters present a major source of uncertainty. Sensitivity
studies have been performed to show the effect of varying mesh spatial resolution,
timestep, number of vertical layers, and modelling approach on the characteristics
of the generated tsunami wave. For example, for the SM-DS-SV approach in two
dimensions, a change from 10 vertical layers in the mesh, to one, results in a 10%
change in the maximum amplitude of the generated wave. For the MM2FS ap-
proach, doubling the spatial resolution also changed the maximum wave amplitude
by approximately 10%.
The physical parameters used in the simulations provide the larger source of uncer-
tainty, these include the slide’s velocity and acceleration, which have been shown
to be vital to predict accurate wave heights, and the rheology of the slide. In the
SM-RS-EV approach, a force-balance is used to estimate the terminal velocity of
the slide, this depends on several parameters including: the slope angle, friction
coefficient, slide and water density, drag coefficient and the dimensions of the slide.
Differentiating uterm with respect to each of the parameters in the force-balance
equation indicates that the most dominant parameter in this equation is the density
difference between the slide and water. For example changing the density of the
slide by 10% leads to approximately a 10% change in uterm, a 10% change in drag
coefficient, slide thickness or slope angle leads to approximately a 5% change in
uterm, whereas a 10% change in the friction coefficient affects uterm by <1%. How-
ever, in reality, the density difference can only be expected to vary up to a factor of
2, whereas there is far greater uncertainty in the slope angle and the slide thickness.
For example, in these simulations, slope angle can vary from 0.1–3.5◦ depending
on location, and estimates for slide dimensions can vary by up to 2–4 orders of
magnitude.
The implications of obtaining an accurate slide velocity are highlighted by the results
of this work showing effect of slide velocity on the generated wave characteristics.
A 27% reduction in the maximum slide velocity resulted in a 56% decrease in max-
imum wave amplitude and 27% decrease in wavelength. The slide’s rheology is not
well determined, here it is treated as a Newtonian viscous fluid. Although viscos-
ity is an unknown physical parameter, because of the free-slip boundary condition
between base of slide and slope, varying the slide viscosity does not change greatly
the maximum velocity and acceleration of the slide, particularly at shallow water
depths. The fast acceleration of the slide into deep water is governed by the density
difference between the slide and water, rather than the slide’s rheology. Rheology
170
6.2: Recommendations for choice of model approach
takes longer to affect the slide’s movement, at which point the slide has travelled
down-slope, into deeper water, where the slide has less influence on the water surface.
6.2 Recommendations for choice of model approach
The following recommendations are made as a guide for the choice of model approach
for future work. The decision will depend on the requirements (including accuracy)
of the model output/results and the time and computational resources available.
The SM-RS-EV approach will be sufficient if a simple, quick assessment is required,
with wave heights required to be accurate to within a factor of 2–3. This will also
be the most appropriate choice if the slope of the slide scenario is very uniform, if
there are many slide scenarios to be considered or if there is limited time and/or
computational resources available.
In many cases, if computational and time limitations allow, it would be recom-
mended to run at least one MM2FS simulation and SM-DS-SV approach to verify
the accuracy of the SM-RS-EV approach for one scenario. This will be be espe-
cially important if the slope of the slide scenario is variable. If the SM-RS-EV is
confirmed to give an accurate result to within required constrains, further similar
scenarios could be considered using just the SM-RS-EV approach, whilst still main-
taining confidence in the result. This will also allow the slide velocity profile used
in the SM-RS-EV approach to be tweaked to match that of the slide in the MM2FS
approach, if desired.
If a more detailed and accurate scenario analysis is required, and computational and
time constraints allow, the combination of the MM2FS and SM-DS-SV approaches
is recommended. This will be most appropriate for slide scenarios that have highly
variable bathymetry, or if scenarios considered have very different parameters, such
that one comparison of an MM2FS simulation coupled to an SM-DS-SV approach, is
not sufficient to confirm the SM-RS-EV approach’s accuracy for the other scenarios
to be considered.
If the bathymetry in the slide region is very variable over the distance of the slide
width, and if there are considerable computational and time resources available, an
investigation into an MM2FS approach in three dimensions may provide the most
accurate answer. Future work should establish the gain in accuracy vs. cost achieved
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by employing this approach.
6.3 Hazard to the British Isles
In Chapter 5, two hypothetical slide scenarios were considered in the Atlantic Ocean,
and the hazard at the coastline of the British Isles investigated. This is the first
time the hazard to the British Isles has been considered from two scenarios like
these. A network of wave gauges at the coast of the British Isles and in the slide
area were used to make comparisons between model approaches, ascertain the effect
of directionality on submarine slide tsunami, and to assess the hazard to the British
Isles. This work concludes there is a hazard to the coasts of the north west British
Isles from submarine slides on the Rockall Bank and Trough, and waves of up to 10
m in amplitude can be expected just offshore, from both slide scenarios considered.
The highest waves were recorded at the Outer Hebrides, and these islands shield
much of mainland Scotland from receiving high amplitude waves. The highest waves
recorded at the mainland were on the north west coast of Ireland, where there are
several small towns and a regional airport. Just offshore the Northern Irish city of
Londonderry/Derry waves were predicted that were up to 6 m high. The city is
sheltered by the surrounding coastline and therefore was not affected by waves of
higher amplitude. The true wave heights to reach inland will depend on the final
shoaling of the waves over the last 10 m of bathymetry, which was not considered
in this work, and the height of any sea defences. Future work could model waves at
shallower depth than 10 m, including inundation, within Fluidity or using another
model, such as TELEMAC, to simulate inundation by forcing it with the output of
Fluidity. Sea defences could also be incorporated into a future inundation model.
Wave heights recorded in the model at the coastlines are recorded just offshore, at
10 m water depth. Using a simple relationship between deep water wavelength,
waveheight and the average beach slope (Irribaren number), inundation heights on
land are estimated. The relationship results in estimated inundation heights of
between 1 and 30 m. For comparison, inundation heights from the Tohoko tsunami
in Japan were between 5–30 m high.
Previous studies suggest that the orientation of a submarine slide with respect to
a coastline is more important than the orientation of a fault for determining the
wave amplitudes of submarine slide tsunami and earthquake tsunami respectively.
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The results here agree with these findings, the highest waves were recorded at the
coast when slide failure was directed towards the coast or within ±45◦ from this
direction. Aside from this, the next largest waves were generated in the opposite
direction to slide motion, where the waves shoal and increase in amplitude on the
failure slope. The lowest waves were always recorded perpendicular to slide motion.
The true effect of direction may be masked by azimuthal differences in bathymetry,
causing changes in wave speed and amplitude by the degree of shoaling.
This work considers two moderately sized slides that occur relatively close to the
British Isles. They involve the failure of the entire length of the slope, and are there-
fore nearing the upper range of possible slide volumes in this area. However, they
are not the maximum plausible slide thickness and a previous study (Salmanidou
et al., 2015) considers slides that were seven times larger in volume. Therefore wave
heights at the coast predicted in this work should be considered a moderate esti-
mate, not a worst case scenario because of the uncertainty in the slide volume and
velocity.
The hazard to the British Isles from submarine slide tsunami has previously been
under-estimated; the findings of this thesis indicate that the coast of the British Isles
is vulnerable to tsunami from nearby submarine slides. However, these events have a
low probability of occurrence. For a more thorough assessment of the submarine slide
tsunami hazard to the British Isles, future work could model tsunami from more slide
locations, depths, widths, and thicknesses. Considering a range of slide volumes,
along with their corresponding recurrence intervals, could allow the calculation of
the probability of a given wave height being experienced at the coast of the British
Isles in a given time interval. Another aim for future work is to model the Storegga
Slide using the SM-DS-SV approach and using paleobathymetry, and to compare
the resultant waves to the rigid block model in Hill et al. (2014) and to deposits.
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Example set-up files for the different approaches within Fluidity for each scenario
can be found on the following link: https://dx.doi.org/10.6084/m9.figshare.3507734
Approach Scale/Scenario Dimensions Mesh Filename
SEDFS Lab 2D Fixed lab sed.flml
MM2FS Lab 2D Fixed lab 2mat.flml
MM3 Lab 2D Fixed lab 3mat.flml
MM3 Lab 2D Adaptive lab 3mat adapt.flml
SEDFS Gulf of Mexico 2D Fixed gom sed.flml
MM2FS Gulf of Mexico 2D Fixed gom 2mat.flml
MM3 Gulf of Mexico 2D Fixed gom 3mat.flml
MM3 Gulf of Mexico 2D Adaptive gom 3mat adapt.flml
SM-RS-EV Gulf of Mexico 2D Fixed gom SMRSEV 2d.flml
SM-RS-SV Gulf of Mexico 2D Fixed gom SMRSSV 2d.flml
SM-DS-SV Gulf of Mexico 2D Fixed gom SMDSSV 2d.fml
SM-RS-EV Rockall Bank 3D Fixed rockall SMRSEV.flml
SM-RS-SV Rockall Bank 3D Fixed rockall SMRSSV.flml
SM-DS-SV Rockall Bank 3D Fixed rockall SMDSSV.flml
extract slide shape.py can be used to extract the slide thickness from the output
of an MM2FS simulation.
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